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Abstract
Planktonic B/Ca holds promise of reconstructing the surface seawater
carbonate chemistry, which is linked to the past levels of atmospheric partial
pressure of CO2. However, it is still not clear to what extent the carbonate
chemistry control on planktonic B/Ca is complicated by physiological activi-
ties of foraminifera. In this thesis, the environmental controls on B/Ca in two
planktonic foraminiferal species, Globigerinoides ruber (white) and Globigeri-
noides sacculifer (without final sac-like chamber), are examined using core-top
samples from the Atlantic Ocean. For an accurate estimation of the ambient
calcification environments, the calcification depths and seasonality of the stud-
ied species at these core-top locations are determined by planktonic Mg/Ca.
The dissolution effect on B/Ca, which is evident from planktonic B/Ca data
from three depth transects, proves to have little impact on the interpretation
of planktonic B/Ca data from the Atlantic core-tops. While the carbonate
chemistry control on planktonic B/Ca can be detected from these core-top
data, a strong calcification rate control on planktonic B/Ca is demonstrated
by the correlation between B/Ca and Sr/Ca, where Sr/Ca is employed as an
indicator of the calcification rate. This calcification rate control on planktonic
B/Ca complicates the direct link between planktonic B/Ca and seawater car-
bonate chemistry. Nevertheless, based on the different responses of B/Ca in
the two studied species to the calcification rate, it is possible that B/Ca in
some species are less susceptible to this influence, and thus can be employed
for carbonate chemistry reconstructions.
Benthic B/Ca is a recently developed quantitative proxy for deepwater
carbonate ion concentration ([CO2−3 ]). In this thesis, deepwater [CO
2−
3 ] vari-
ations during the last 150 thousand years are reconstructed using two cores
from the deep Southwestern Pacific, a critical but not fully investigated re-
gion to regulate the carbon inventory in the deep ocean. Since Marine Isotope
Stage (MIS) 5a, the deep the SW Pacific [CO2−3 ] varied in concert with benthic
carbon isotopes (δ13Cb). These covariations, on the timescale of ∼10 kyr, are
similar to those observed in the deep Atlantic. This suggests that the deep SW
Pacific [CO2−3 ] could be affected by changes in the Atlantic Overturning Circu-
lation and the biological pump. However, the deep SW Pacific [CO2−3 ] showed
little change during Termination II (T II), despite that variations of δ13Cb,
neodymium isotopes (εNd), and foraminifer-bound nitrogen isotopes (δ15Npf)
were similar to those during Termination I (T I). This difference is interpreted
as the result of coral reef regrowth on continental shelves, which decreased the
whole ocean [CO2−3 ] and counteracted the [CO
2−
3 ] increase due to the influ-
ences from Atlantic Overturning Circulation and the biological pump changes
during T II.
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Chapter 1
Introduction
The atmospheric partial pressure of CO2 (pCO2) measured in air bubbles
from ice cores fluctuates approximately between 180 ppm and 280 ppm (Petit
et al., 1999; Monnin and Barnola, 2001; Lüthi et al., 2008), and is strongly
correlated with the Antarctic air temperature over the last 800 kyr (Jouzel
et al., 2007; Lüthi et al., 2008). Processes in the ocean are acknowledged to be
responsible for the fluctuation of atmospheric pCO2 (Broecker, 1982; Sigman
and Boyle, 2000; Sigman et al., 2010), although the detailed mechanisms are
still emerging. Proxies based on B/Ca in foraminiferal shells are important
tools to reconstruct seawater carbonate chemistry contributing to improving
our understanding about the carbon cycle. Planktonic B/Ca hold promise
of reconstructing the surface seawater carbonate chemistry. As surface ocean
is directly in contact with the atmosphere, surface seawater carbonate chem-
istry is closely linked to the atmospheric pCO2 level. Planktonic B/Ca can
thus be used to estimate atmospheric pCO2 beyond the age range covered by
ice core records (e.g., Allen et al., 2012; Penman et al., 2014; Babila et al.,
2016). Within the age range covered by ice core records, reconstruction of
surface seawater carbonate chemistry at key locations can be potentially used
to reconstruct outgassing of CO2 from the ocean. Benthic B/Ca can help re-
construct deep-water [CO2−3 ] (Yu and Elderfield, 2007). Deep-water [CO
2−
3 ]
is directly linked to the carbon inventory in the deep ocean (e.g., Yu and
1
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Elderfield, 2007; Yu et al., 2010b; Allen et al., 2015; Gottschalk et al., 2015).
In this introduction, backgrounds related to seawater carbonate chem-
istry and boron chemistry are summarized. The outline of this thesis is then
presented.
1.1 Seawater carbonate chemistry
There are three primary inorganic forms of carbon dioxide in seawater:
aqueous carbon dioxide (CO2(aq)), bicarbonate ion (HCO−3 ), and carbonate
ion (CO2−3 ). At thermodynamical equilibrium, [CO2(aq)] is linked to pCO2
following Henry’s law:
CO2(g)
K0⇀↽ CO2(aq),
K0 =
[CO2(aq)]
PCO2
,
(1.1)
where K0 is CO2 solubility coefficient in seawater. Inorganic carbonate species
are linked through the following equations:
CO2(aq) +H2O ⇀↽ H2CO3
K1⇀↽ HCO−3 +H
+
K2⇀↽ CO2−3 + 2H
+,
K1 =
[HCO−3 ][H
+]
[CO2]
, K2 =
[CO2−3 ][H
+]
[HCO−3 ]
,
(1.2)
where K1 and K2 are the first and second dissociation constants of carbonic
acid, respectively. These equilibrium constants depend on temperature, pres-
sure, and salinity in seawater. When these parameters are known, the con-
centrations of three carbonate species and pH can be calculated from two
conservative variables: dissolved inorganic carbon (DIC) and alkalinity (ALK)
(Zeebe and Wolf-Gladrow, 2001). DIC is the sum of all three dissolved inor-
ganic carbon species in seawater:
DIC = [CO2(aq)] + [HCO
−
3 ] + [CO
2−
3 ]. (1.3)
2
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ALK represents ‘the excess of proton acceptors over proton donors’ in seawater
(Zeebe and Wolf-Gladrow, 2001), that can be defined as:
ALK = 2[CO2−3 ]+[HCO
−
3 ]+[B(OH)
−
4 ]+[OH
−]−[H+]+minor components.
(1.4)
To date, these two conservative variables are difficult to estimate by proxies
directly. However, boron-based proxies can help reconstruct some variables of
the carbonate system.
1.2 Boron chemistry
1.2.1 Boron in seawater
Proxies based on boron in foraminiferal shells have become useful tools
for reconstructing seawater carbonate chemistry. The theoretical foundation
of these proxies is boron’s systematics in seawater. Boron has two major
dissolved species in seawater: boron acid (B(OH)3) and borate ion (B(OH)−4 ).
The relative abundances of these two species are pH-dependent (Figure 1-1A):
B(OH)3 +H2O = B(OH)
−
4 +H
+. (1.5)
This equilibrium depends on temperature, salinity, and pressure, the influences
of which are all incorporated in pK∗B, the boron disassociation constant (Dick-
son, 1990b). pK∗B is 8.60 at standard surface seawater conditions (T = 25 °C, S
= 34.7) (Dickson, 1990b). pK∗B is close to pH of seawater, making changes be-
tween the two boron species sensitive to variations of carbonate chemistry. As
can be seen in Figure 1-1A, the concentration of B(OH)−4 in seawater increases
with increasing pH, when the total boron concentration is constant.
There are two stable isotopes of boron: 10B and 11B, with natural abun-
dance of 19.82% and 80.18%, respectively (Rosman and Taylor, 1998). The
3
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fractionation between 10B and 11B can be described by the following equation:
10B(OH)3 +
11B(OH)−4 =
11B(OH)3 +
10B(OH)−4 . (1.6)
The equilibrium constant of this reaction (11−10KB) is 1.0272 at 25 °C in
seawater (Klochko et al., 2006), indicating that the lighter isotope (10B) is
enriched in B(OH)−4 . As a result, δ
11B, which is the offset between ratios of
two boron isotopes in samples and the standard material (Equation 1.7), is
also pH-dependent (Figure 1-1B).
δ11B() =
( 11B/10Bsample
11B/10Bstandard
− 1
)
× 1000 (1.7)
Figure 1-1: Variation in concentrations (A) and isotopic composi-
tions (B) of B(OH)−4 and B(OH)3 with pH. The compositions are
calculated at standard surface seawater conditions, where T = 25
°C, S = 35, with pK∗B = 8.60 (Dickson, 1990b),
11−10KB = 1.0272
(Klochko et al., 2006), and δ11Bsw = 39.61 (Foster et al., 2010).
This figure is from Foster and Rae (2016).
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1.2.2 Incorporation of boron into CaCO3
Based on varying boron concentrations in modern marine carbonates and
δ11B offsets between marine carbonates and seawater (Hemming and Hanson,
1992), it is proposed that B(OH)−4 , the charged boron species, is predominantly
incorporated into CaCO3, via the following reaction:
CaCO3 +B(OH)
−
4 = Ca(HBO3) +HCO
−
3 +H2O. (1.8)
The partition coefficient between CaCO3 and seawater, KD, is defined by Equa-
tion (1.8):
KD =
[HBO2−3 /CO
2−
3 ]CaCO3
[B(OH)−4 /HCO
−
3 ]seawater
=
[B/Ca]CaCO3
[B(OH)−4 /HCO
−
3 ]seawater
. (1.9)
Following the proposal of Hemming and Hanson (1992), both δ11B and B/Ca
of marine carbonates should be able to reflect changes in seawater carbonate
chemistry.
Inorganic CaCO3. The predominant incorporation of B(OH)−4 into CaCO3
is supported by the pH control on both δ11B and B/Ca. The correlation
between δ11B of inorganic CaCO3 and pH is comparable to the correlation
between δ11B of B(OH)−4 and pH (Sanyal et al., 2000). It is also observed
in inorganic CaCO3 precipitation experiments that B/Ca in CaCO3 increases
with pH (Hemming et al., 1995; Sanyal et al., 2000; He et al., 2013; Uchikawa
et al., 2015; Kaczmarek et al., 2016).
In contrast, some recent studies (Noireaux et al., 2015; Uchikawa et al.,
2015) show evidence that the incorporation of boron into CaCO3 is more com-
plicated than the proposition of Hemming and Hanson (1992). δ11B and B/Ca
in inorganic CaCO3 are both deviated from that expected from the theory
of dominant B(OH)−4 incorporation. δ
11B in calcite was offset from that of
B(OH)−4 towards the more positive values, while δ
11B in aragonite equals to
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that of B(OH)−4 (Noireaux et al., 2015). These authors attributed to the off-
sets of δ11B in calcite to the incorporation of B(OH)3, and suggested that the
incorporation of B(OH)3 into CaCO3 depends on the concentration of B(OH)3
(Noireaux et al., 2015). Apart from the evidence from δ11B, B/Ca in sev-
eral inorganic CaCO3 precipitation experiments also suggested incorporation
of both boron species (Gabitov et al., 2014; Uchikawa et al., 2015; Kaczmarek
et al., 2016). A strong calcification rate control on B/Ca in inorganic CaCO3
demonstrated that boron tended to be more easily incorporated into CaCO3 at
high precipitation rates, which is interpreted as the result of the incorporation
of B(OH)3 (Uchikawa et al., 2015). Incorporation of B(OH)3 into calcite is
consistent with the surface kinetic model for isotopic fractionation in calcite
(DePaolo, 2011). According to this model, high B(OH)3 concentrations or high
precipitation rates (Noireaux et al., 2015; Uchikawa et al., 2015) can enhance
the chance of B(OH)3 being incorporated into CaCO3.
Foraminiferal CaCO3. The incorporation of boron into foraminiferal cal-
cite is further complicated by physiological processes of foraminifera and sym-
bionts. The influences of these processes on B/Ca are known as ‘vital effects’.
The composition of foraminiferal calcite is affected by the chemical compo-
sition of the calcifying fluid and the microenvironment (De Nooijer et al.,
2014). Firstly, the chemical composition of calcifying fluid is regulated by
foraminifera. One well-understood process is that foraminifera remove H+
from the calcifying fluid to promote calcification (Zeebe and Sanyal, 2002).
Secondly, within the microenvironment of the foraminifera, pH could be low-
ered by calcification and respiration (Zeebe et al., 1999; Wolf-Gladrow et al.,
1999), and could be raised by photosynthesis of the symbiont (Bé et al., 1982;
Rink et al., 1998). These changes lead to distinct boron speciation in the cal-
cifying fluid and microenvironment from that in the ambient seawater. The
different boron chemistry of the calcifying fluid and microenvironment devi-
ates B/Ca in foraminiferal calcite from that expected from the chemistry of
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the ambient seawater. The vital effect on foraminiferal B/Ca is evident from
1) inter-species difference in B/Ca and δ11B (as summarized in Henehan et al.
(2016)), which reflects the physiological difference of different species, and 2)
intra-shell B/Ca heterogeneity (Allen et al., 2011; Branson et al., 2015; Holland
et al., 2017), which possibly reflects physiological cycles of a single specimen.
1.2.3 B/Ca in foraminiferal calcite as paleoceanographic
proxies
Despite the complexity in boron incorporation in foraminiferal calcite,
B/Ca in both planktonic and benthic foraminiferal calcite have been proved
to be useful tools for paleoceanographic reconstructions.
Planktonic B/Ca. B/Ca in planktonic foraminifera has been proposed as
a proxy for surface seawater carbonate chemistry (Yu et al., 2007b; Foster,
2008; Allen et al., 2011, 2012), based on the proposal that B(OH)−4 is the only
species incorporated into the calcite (Hemming and Hanson, 1992; Sanyal et al.,
2000). Strong correlations between B/Ca and
[B(OH)−4 ]
[HCO−3 ]
have been observed in
core-top studies for Globigerina bulloides and Globorotalia inflata (Yu et al.,
2007b) and in culture experiments for Orbulina universa, Globigerinoides ruber
(pink), and Globigerinoides sacculifer (with the sac-like chamber) (Allen et al.,
2011, 2012). These correlations are the foundation of the use of planktonic
B/Ca as a proxy for surface seawater carbonate chemistry. Nevertheless, other
controls on planktonic B/Ca, e.g., calcification rate and vital effect, have also
been identified (Babila et al., 2014; Henehan et al., 2015; Salmon et al., 2016).
These controls sometimes overwrite the influence of carbonate chemistry on
B/Ca (Babila et al., 2014; Henehan et al., 2015; Salmon et al., 2016). To
establish planktonic B/Ca as a reliable proxy, knowledge about competing
controls on planktonic B/Ca is needed.
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Benthic B/Ca. B/Ca in two epifaunal benthic foraminifera Cibicidoides
wuellersorfi and Cibicidoides mundulus have strong correlations with bottom
water carbonate saturation state (Δ[CO2−3 ]), defined as the difference between
in situ [CO2−3 ] and the saturated [CO
2−
3 ] of calcite (Figure 1-2). This strong
empirical correlation is supported by large numbers of core-tops from differ-
ent ocean basins (Yu and Elderfield, 2007; Rae et al., 2011; Raitzsch et al.,
2011; Brown et al., 2011; Yu et al., 2013) (Figure 1-2). Although the reason
for the correlations of B/Ca in C. wuellersorfi and C.mundulus with Δ[CO2−3 ]
remains to be investigated, benthic B/Ca is a useful tool for deepwater carbon-
ate chemistry reconstruction (e.g., Yu et al., 2010b, 2014, 2016; Allen et al.,
2015; Gottschalk et al., 2015). Compared with δ11B, benthic B/Ca permits
consistent reconstructions requiring fewer shells (Yu et al., 2010b).
Figure 1-2: Calibration of B/Ca in C. wuellerstorfi as a proxy for
deepwater Δ[CO2−3 ]. This figure is from Allen et al. (2015). Core-
top data are from (Yu and Elderfield, 2007; Rae et al., 2011; Raitzsch
et al., 2011; Brown et al., 2011; Yu et al., 2013).
Dissolution effect. Partial dissolution can potentially influence the original
B/Ca in foraminiferal shells, similar to other trace element to calcium ratios
(Russell et al., 1994; Brown and Elderfield, 1996; Dekens et al., 2002; Regen-
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berg et al., 2006). No dissolution effect has been observed for benthic B/Ca
(Yu and Elderfield, 2007). However, based on existing literature, planktonic
B/Ca seems to have different responses to dissolution. B/Ca in Globigeri-
noides sacculifer (Wara et al., 2003; Seki et al., 2010; Coadic et al., 2013) can
be lowered by dissolution, while B/Ca in Globorotalia inflata is resistant to
dissolution (Yu et al., 2007b). For a faithful application of planktonic B/Ca
as a proxy for surface seawater carbonate chemistry, more work is needed for
B/Ca in various planktonic species.
1.3 Outline of the thesis
This thesis is comprised of two parts, focusing on planktonic and benthic
B/Ca, respectively. The first part of the thesis investigates environmental
controls on planktonic B/Ca.
Chapter 2 focuses on the influence of dissolution on planktonic B/Ca, that
may alter the original B/Ca signals recorded during growth after deposition of
foraminiferal shells onto the seafloor. By investigating core-tops collected at
three depth transects from different ocean basins, it is demonstrated that B/Ca
in G. ruber (w) and G. sacculifer (w/o sac) can be lowered in undersaturated
conditions, while B/Ca in some other species cannot. Methods to correct
for such a dissolution effect on B/Ca for core-tops and downcore samples are
proposed.
To more accurately estimate parameters of calcifying environments of the
planktonic foraminifera, calcification depth and the seasonality of the studied
species need to be specified. To this end, Chapter 3 constrains the calcification
depths and seasonality of G. ruber (w) and G. sacculifer (w/o sac). This is
achieved by employing a realistic dissolution correction to Mg/Ca and exam-
ining temperature sensitivities derived from Mg/Ca with hydrological data. In
this way, the salinity effect on planktonic Mg/Ca is also reevaluated. A strong
salinity effect on planktonic Mg/Ca is discounted.
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Based on conclusions of Chapter 2 and 3, environmental controls on B/Ca
in G. ruber (w) and G. sacculifer (w/o sac) are investigated in Chapter 4. Dis-
solution correction derived from Chapter 2 is tested to see whether it can af-
fect the interpretation of environmental controls on B/Ca or not. Calcification
depths and seasonality derived in Chapter 3 are used to estimate properties
of the ambient calcifying environment. A strong carbonate chemistry control
on B/Ca is observed for G. sacculifer (w/o sac) and partly for G. ruber (w),
which is consistent with previous culture studies. For B/Ca in both species, a
strong calcification rate control on B/Ca is observed.
The second part of the thesis addresses the deep water carbonate chem-
istry reconstruction using B/Ca in C. wuellerstorfi. Chapter 5 refines the
approximation of deep water [CO2−3 ] from DIC and ALK by examining mod-
ern hydrological data. A decrease in the sensitivity of [CO2−3 ] to (ALK - DIC)
is observed with decreasing [CO2−3 ], which can help better quantify the carbon
inventory in deep ocean from [CO2−3 ].
In Chapter 6, the carbonate chemistry history in the deep Southwestern
Pacific for the last 150 kyr is reconstructed by B/Ca in C. wuellerstorfi from
two sediment cores. The new records are discussed in the context of published
deep ocean [CO2−3 ] records to investigate the deep ocean carbon inventory.
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Dissolution effect on planktonic
foraminiferal B/Ca*
2.1 Introduction
It is well documented that trace element to calcium ratios of foraminiferal
shells can be altered by partial dissolution on the seafloor (Russell et al.,
1994; Brown and Elderfield, 1996; Dekens et al., 2002; Regenberg et al., 2006).
Therefore, dissolution effects on foraminiferal shells can have crucial impacts
on paleoceanographic proxies. Several studies have revealed significant dis-
solution effects on planktonic foraminiferal B/Ca. B/Ca in both extant and
extinct species is reported to be affected by post-depositional processes on the
seafloor (Wara et al., 2003; Seki et al., 2010; Coadic et al., 2013; Edgar et al.,
2015). Other existing data, although limited, appear to suggest little influ-
ence of dissolution on B/Ca in some planktonic species. For example, a few
core-top data from the North Atlantic show that B/Ca in Globorotalia inflata
is resistant to dissolution (Yu et al., 2007b). For reliable reconstructions, it
is necessary to evaluate post-mortem dissolution influences on B/Ca in dif-
ferent species. At present, available data are insufficient to fully explore the
*This chapter is modified from a published paper during the PhD project: Dai Y., Yu
J. and Johnstone H. J. H. (2016) Distinct Responses of Planktonic Foraminiferal B/Ca to
Dissolution on Seafloor. Geochem. Geophys. Geosyst., 17, 1339-1348.
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dissolution effect on B/Ca in different planktonic foraminiferal species. Before
environmental controls on planktonic B/Ca are examined, dissolution effects
on planktonic foraminiferal B/Ca would be evaluated. B/Ca in four planktonic
foraminiferal species from core-top samples at three depth transects from the
three major oceans, are measured to test whether there are species-specific
dissolution effects on B/Ca in different planktonic foraminiferal species.
2.2 Materials and Methods
2.2.1 Samples
B/Ca in four planktonic species: G. sacculifer (w/o sac), G. ruber (w),
Neogloboquadrina dutertrei, and Pulleniatina obliquiloculata are presented. Mg
/Ca and shell weights for the samples used in this study have been previously
published (Johnstone et al., 2010, 2011). These species are chosen based on
their living habitats, symbiont conditions, shell wall structure and resistance
to dissolution. G. sacculifer (w/o sac) and G. ruber (w) are spinose species
that inhabit in the surface mixed layer, harboring dinoflagellates as symbiont
(Hemleben et al., 1989), and their shells are susceptible to dissolution according
to the planktonic foraminifer solubility rank of (Berger, 1970), which is based
on changing species composition of planktonic foraminifera in under-saturated
environment. N.dutertrei and P. obliquiloculata are non-spinose species living
in the thermocline, harboring chrysophycophytes as symbiont, and their shells
are more resistant to dissolution compared to those of G. ruber (w) and G.
sacculifer (w/o sac)(Berger, 1970; Gastrich, 1987; Hemleben et al., 1989).
Foraminifera shells are from 28 core-top samples obtained from three
depth transects in the Caribbean Sea, the Southwestern Indian Ocean, and the
Ontong Java Plateau (Figure 2-1). All core-tops are verified to be Holocene in
age, and the age difference within the Caribbean Sea and the Southwestern In-
dian Ocean transect is smaller than 3 kyr (Regenberg et al., 2006; Wilson et al.,
2012). It is assumed that surface conditions and hence comparable chemical
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compositions (e.g., B/Ca and Mg/Ca) of shells before any dissolution at each
transect are similar, due to the constrained geographic coverage of core-top
samples. Nevertheless, it should be noted that compared to the Caribbean
Sea and the Ontong Java Plateau transects, samples from the Southwestern
Indian Ocean cover a wider geographic region, which could cause some vari-
ations in the initial B/Ca in foraminiferal shells. Excluding data from the
Indian Ocean depth transect would not affect the conclusions.
Figure 2-1: Hydrology of the core-tops. (a): Location of the core-
tops (red squares) and nearby GLODAP stations (green diamonds)
selected for Δ[CO2−3 ] profiles; (b)-(d): Δ[CO
2−
3 ] of core-tops plotted
with Δ[CO2−3 ] depth profile of a nearby GLODAP station for three
depth transects.
2.2.2 Hydrological data calculations
Bottom water calcite saturation states, Δ[CO2−3 ], defined by Δ[CO
2−
3 ]
= [CO2−3 ]insitu − [CO2−3 ]saturation, were estimated using data from the Global
Ocean Data Analysis Project (GLODAP) database (Key et al., 2004). An-
thropogenic CO2 was removed to derive preindustrial dissolved inorganic car-
bon (DIC) (Sabine et al., 2004). Bottom water [CO2−3 ] were calculated using
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CO2sys.xls (Lewis et al., 1998), following the method and constants used pre-
viously (Yu and Elderfield, 2007). Our calculation reveals a large range in
bottom water Δ[CO2−3 ] from -23 to 54 µmol/kg at the three depth transects,
making these core-top samples ideal to investigate dissolution effects on B/Ca.
2.3 Results
Figure 2-2: Planktonic B/Ca in four species versus water depth
from three depth transects: (a) G. ruber (w), (b) G. sacculifer (w/o
sac), (c) N. dutertrei, and (d) P. obliquiloculata. Error bar in (a)
represents ±2σ range of the consistent standard.
Figure 2-2 shows B/Ca in the four studied planktonic species from three
depth transects. In the Caribbean Sea, B/Ca in G. ruber (w) remains roughly
stable at 135 ± 4 µmol/mol above 3.8 km (1 standard deviation, the same
below), and is lowered by 23 µmol/mol (∼17%) from 3.8 to 5.0 km. For the
Southwestern Indian and the Ontong Java Plateau transects, B/Ca in G. ruber
(w) appears to show continuous declines throughout the entire depth ranges.
B/Ca in G. ruber (w) decreases by 20% from 1.6 km to 3.0 km depth at the
Ontong Java Plateau, and decreases by 30% from 2.3 km to 4.1 km depth
in the Southwestern Indian Ocean. Large scatter in B/Ca is seen between 2
and 3 km water depth at the Indian Ocean transect, perhaps reflecting less
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homogeneous surface conditions associated with these core-tops.
Similar trends are observed in G. sacculifer (w/o sac) from these three
depth transects. At the Caribbean Sea depth transect, G. sacculifer (w/o sac)
shows a roughly stable B/Ca of 94 ± 6 µmol/mol above 3.8 km and a 15
µmol/mol (16%) decline below this depth. B/Ca in G. sacculifer (w/o sac)
decreases by 26% from 1.6 km to 3.7 km at the Ontong Java Plateau, and by
24% from 2.3 km to 4.1 km in the Southwestern Indian Ocean.
In contrast, N. dutertrei and P. obliquiloculata show no decreasing trend
in B/Ca with water depth at the two depth transects in the Indian and Pacific
Oceans. Instead, B/Ca in these two species exhibit roughly stable values. At
the Ontong Java Plateau, B/Ca are 68 ± 3 µmol/mol and 65 ± 2 µmol/mol in
N. dutertrei and P. obliquiloculata, respectively. In the Southwestern Indian
Ocean, B/Ca are 65 ± 4 µmol/mol and 67 ± 5 µmol/mol in N. dutertrei and
P. obliquiloculata, respectively.
2.4 Discussion
2.4.1 Species-specific dissolution effects on planktonic B/Ca
Previous studies have shown that dissolution in the bottom water sig-
nificantly lowers shell weights and Mg/Ca of these studied species (Broecker
and Clark, 2001a; De Villiers, 2005; Regenberg et al., 2006; Johnstone et al.,
2010, 2011). Therefore shell weights and Mg/Ca are employed as indicators of
dissolution in this study.
Figure 2-3 shows the correlations of B/Ca with shell weight and Mg/Ca.
B/Ca in G. sacculifer (w/o sac) and G. ruber (w) strongly correlates with
Mg/Ca and shell weight at the Ontong Java Plateau (Table 2.1, r2 = 0.94
with shell weight, r2 = 0.60 with Mg/Ca for G. sacculifer (w/o sac); r2 = 0.84
with shell weight, r2 = 0.62 with Mg/Ca for G. ruber (w)). In the South-
western Indian Ocean, B/Ca in these species sometimes show relatively poor
correlations with Mg/Ca and shell weight, possibly due to large variations in
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their initial values. Despite the scatter, the overall decreasing trend of B/Ca
with decreasing shell weight and Mg/Ca is similar to that seen at Ontong Java
Plateau. Because variations in shell weight and Mg/Ca are thought to result
from dissolution on the seafloor, the generally positive correlations shown in
Figure 2-3 suggest that decline of B/Ca in G. sacculifer (w/o sac) and G.
ruber (w) are also results of dissolution. This is consistent with the previous
observation on G. sacculifer (w/o sac)(Seki et al., 2010; Coadic et al., 2013).
In contrast, B/Ca in N. dutertrei and P. obliquiloculata remains roughly
invariant, although their shell weights and Mg/Ca show large changes. In the
Southwestern Indian Ocean and the Ontong Java Plateau, shell weights of N.
dutertrei and P. obliquiloculata decline 38-50% and 31-40% from the shallowest
to deepest sites, respectively; Mg/Ca in N. dutertrei and P. obliquiloculata
declines 41-61% and 53-57%, respectively. These decreases in shell weights
suggest substantial dissolution of shells. No statistically significant change in
B/Ca thus suggests B/Ca in these two species is not sensitive to dissolution
(Figure 2-3). Similarly, dissolution appears to impose little influence on B/Ca
in G. inflata (Yu et al., 2007b).
Our results suggest that dissolution effects on planktonic foraminiferal
B/Ca are species-specific. On the one hand, B/Ca in spinose mixed layer
dwellers, G. sacculifer (w/o sac) and G. ruber (w) is sensitive to dissolution.
On the other hand, B/Ca in nonspinose thermocline dwellers, G. inflata, N.
dutertrei, and P. obliquiloculata is not sensitive to dissolution.
2.4.2 Reasons for different dissolution responses
Dissolution of foraminiferal shell is a selective process, in which more sol-
uble parts of the shell are removed first. High-Mg phase is known to be more
soluble in CaCO3(Brown and Elderfield, 1996; Bassinot et al., 2004; Johnstone
et al., 2011), and Mg is heterogeneously distributed within shells of planktonic
species (Eggins et al., 2003; Sadekov et al., 2013; Branson et al., 2013). There-
fore, dissolution effects on Mg/Ca are similar in various planktonic species
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Location Slope r2 n t (α = 0.05) P
1) B/Ca-shell weight
G. sacculifer (w/o sac)
SW Indian 1.9 ± 0.3 0.86 8 6.07 <0.001
OJP 2.2 ± 0.3 0.94 7 8.85 <0.001
G. ruber (w)
SW Indian 2.8 ± 2.4 0.20 7 1.12 0.264
OJP 2.8 ± 0.7 0.84 6 4.58 <0.001
N. dutertrei
SW Indian -0.2 ± 0.3 0.04 10 0.58 0.564
OJP 0.8 ± 0.4 0.39 10 2.26 0.024
P. obliquiloculata
SW Indian 0.7 ± 0.4 0.33 7 1.57 0.117
OJP -0.3 ± 0.1 0.47 8 2.31 0.021
2) B/Ca-Mg/Ca
G. sacculifer (w/o sac)
SW Indian 12.7 ± 8.8 0.26 8 1.45 0.093
OJP 17.5 ± 6.5 0.60 7 2.69 0.016
SLRa 15.8 ± 2.3 0.91 7 6.94 <0.001
G. ruber (w)
SW Indian 14.3 ± 5.0 0.62 7 2.84 0.012
OJP 24.0 ± 9.7 0.62 6 2.46 0.024
N. dutertrei
SW Indian 3.0 ± 3.9 0.07 10 0.76 0.233
OJP -2.3 ± 2.7 0.09 10 0.88 0.200
P. obliquiloculata
SW Indian 5.2 ± 5.8 0.14 7 0.91 0.198
OJP -3.0 ± 1.4 0.43 8 2.14 0.033
3) B/Ca-Δ[CO2−3 ]
G. sacculifer (w/o sac)
SW Indian 0.68 ± 0.17 0.74 8 4.09 0.002
OJP 0.90 ± 0.09 0.95 7 9.72 <0.001
SLRa 0.32 ± 0.06 0.90 5 5.20 0.002
G. ruber (w)
SW Indian 0.64 ± 0.28 0.57 6 2.32 0.030
OJP 1.01 ± 0.35 0.68 6 2.90 0.014
a: data from [Coadic et al., 2013].
Table 2.1: Summary of regression analyses.
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Figure 2-3: Planktonic B/Ca versus shell weights (a-d) and Mg/Ca
(e-h). In the Caribbean Sea, only data with Δ[CO2−3 ] lower than
critical Δ[CO2−3 ] for dissolution are shown. Solid lines show the
best linear fit of data. Error bar in (a) represents ±2σ range of
the consistent standard. B/Ca in G. ruber (w) and G. sacculifer
(w/o sac) are significantly correlated with shell weight and Mg/Ca,
suggesting strong dissolution effects on B/Ca in these two species.
By contrast, no significantly correlation is observed for B/Ca in
N. dutertrei or P. obliquiloculata, implying negligible dissolution
influence on B/Ca in these species. Shell weight data are from
(Johnstone et al., 2010); Mg/Ca data are from (Johnstone et al.,
2011).
(Regenberg et al., 2014). A similar dissolution effect on B/Ca in G. sac-
culifer (w/o sac) and G. ruber (w) to that on Mg/Ca would suggest that B
is not homogeneously distributed within shell of these species and that high-B
phases are preferentially removed by dissolution. Currently, the distribution
of B within foraminiferal shell is investigated in two species: symbiont-bearing
planktonic species O. universa and symbiont-bearing benthic species Amphis-
tegina lessonii(Allen et al., 2011; Branson et al., 2013). B banding was ob-
served in both species. It is reasonable to speculate that B banding is also
present within shell of G. sacculifer (w/o sac) and G. ruber (w). Due to the
lack of studies on symbiont-barren species, B distribution within N. dutertrei
and P. obliquiloculata examined in this study cannot be speculated. Neverthe-
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less, if B were preferentially removed by dissolution, minimal dissolution effect
on B/Ca in these two non-spinose species would suggest that B is relatively
homogeneously distributed.
The reason for different distribution patterns of boron within a foraminiferal
shell might be related to symbiont activities. According to studies on δ11B, the
pH of microenvironment surrounding foraminifera can be elevated by symbiont
activities(Hönisch et al., 2003; Zeebe et al., 2003; Rollion-Bard and Erez, 2010).
When pH is raised by stronger symbiont activity, the concentration of B(OH)−4
is raised as well, so that more B could be incorporated into the foraminiferal
shell. G. sacculifer (w/o sac) and G. ruber (w) have strong symbiont activ-
ities, so that diurnal changing symbiont activity can generate heterogeneity
of B within the shell. Although N. dutertrei, and P. obliquiloculata also har-
bor algal (Gastrich, 1987), symbiont activity is weaker because they calcify at
deeper depths where light intensity is much lower. Therefore, it is reasonable
to infer that B is more homogeneously distributed within shell of these species.
2.4.3 Correlation with bottom water Δ[CO2−3 ]
Bottom waterΔ[CO2−3 ] is responsible for dissolution of planktonic foraminiferal
shells on the seafloor (Berger, 1970; Brown and Elderfield, 1996). A reduction
in shell weight and Mg/Ca is initiated above the calcite saturation horizon
at a threshold Δ[CO2−3 ] value (Lohmann, 1995; Broecker et al., 1999; John-
stone et al., 2011; Regenberg et al., 2014). According to our observations, we
adopt 21.3 ± 6.6 µmol/mol as the threshold Δ[CO2−3 ] for dissolution effect
on Mg/Ca (Regenberg et al., 2014), and assume B/Ca in G. sacculifer (w/o
sac) and G. ruber (w) begins to be influenced by dissolution at this Δ[CO2−3 ].
It is notable that the threshold Δ[CO2−3 ] for the dissolution effect on B/Ca
cannot be derived from our data set. However, as B/Ca values below chosen
threshold value are evidently lowered by dissolution effect, we can investigate
the sensitivity of B/Ca change to Δ[CO2−3 ] using available data.
Figure 2-4 shows that the sensitivity of B/Ca to Δ[CO2−3 ] varies be-
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Figure 2-4: B/Ca in G. sacculifer (w/o sac) and G. ruber (w) ver-
sus bottom seawater Δ[CO2−3 ]. Data from Sierra Leone Rise are
from (Coadic et al., 2013). Panel (a) and (b) show original B/Ca
versus Δ[CO2−3 ], questionable data points are framed within boxes.
Dashed lines indicate the threshold Δ[CO2−3 ] value for the onset dis-
cernible dissolution effects on Mg/Ca (Regenberg et al., 2014). For
the Caribbean Sea data, black solid lines show the average B/Ca
above the thresholdΔ[CO2−3 ]. Regression lines of data below thresh-
old Δ[CO2−3 ] are extrapolated to threshold Δ[CO
2−
3 ] to estimate
initial B/Ca. Panel (c) and (d) show ΔB/Ca and Δ[CO2−3 ]. Re-
gression lines show average B/Ca loss rate with decreasingΔ[CO2−3 ].
Dashed lines are the 95% confidence intervals. Error bars in (a) and
(c) represent ±2σ range of the consistent standard.
tween species in the different depth transects, from 0.69 to 0.90 µmol/mol
per µmol/kg Δ[CO2−3 ] change for G. sacculifer (w/o sac), and 0.64 to 1.01
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µmol/mol per µmol/kg Δ[CO2−3 ] change for G. ruber (w) for depth transects
from this study. Compared to data from this study, B/Ca in G. sacculifer
(w/o sac) from Sierra Leone Rise is significantly less sensitive to bottom wa-
ter Δ[CO2−3 ] change (0.32 µmol/mol per µmol/kg Δ[CO
2−
3 ] change) (Coadic
et al., 2013), which suggests dissolution effect on B/Ca might vary at different
locations.
To derive sensitivity of B/Ca to Δ[CO2−3 ] change on a global scale, we
translate the initial B/Ca to ΔB/Ca, decline of B/Ca caused by dissolution.
We first define B/Cainitial as B/Ca at threshold Δ[CO2−3 ] for dissolution, as-
suming this is where B/Ca starts to be lowered by dissolution. Different
choices of the threshold Δ[CO2−3 ] value to translate B/Ca change from dif-
ferent depth transects do not affect the conclusion on sensitivity, as shown
by sensitivity tests. B/Cainitial is calculated by extrapolating regression line
to threshold Δ[CO2−3 ] at the Ontong Java Plateau and the Southwestern In-
dian Ocean depth transects, and by averaging B/Ca above threshold Δ[CO2−3 ]
at the Caribbean Sea depth transect. Measured B/Ca is then translated to
ΔB/Ca:
ΔB/Ca = B/CameasuredB/Cainitial. (2.1)
Correlation between ΔB/Ca in both species from all three depth transects
and Δ[CO2−3 ] is significant. The sensitivity of ΔB/Ca in G. sacculifer (w/o
sac) to Δ[CO2−3 ] is 0.59 ± 0.13 µmol/mol per µmol/kg Δ[CO2−3 ] change (r2
= 0.51, n = 22, p <0.001, Figure 2-4c). ΔB/Ca at Sierra Leone Rise from
Coadic et al. (2013) is systematically higher than ΔB/Ca from this study, and
diverges from the trend defined by data from this study, possibly reflecting
regional dependence of dissolution sensitivity. The sensitivity of ΔB/Ca in
G. ruber (w) is 0.67 ± 0.22 µmol/mol per µmol/kg Δ[CO2−3 ] change (r2 =
0.45, n = 15, p = 0.009, Figure 2-4d). These results, integrating data from
different oceans, provide a first-order estimation of the sensitivity of B/Ca in
G. sacculifer (w/o sac) and G. ruber (w) to dissolution effects.
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2.4.4 Correlation with coexisting benthic B/Ca
The correlation of planktonic B/Ca in G. sacculifer (w/o sac) and G. ru-
ber (w) with bottom water Δ[CO2−3 ] indicates that planktonic B/Ca can be
corrected given knowledge of bottom water Δ[CO2−3 ]. As suggested by Coadic
et al. (2013), for downcore reconstruction, an independent proxy for Δ[CO2−3 ]
can be employed to correct for the dissolution effects on planktonic B/Ca.
Given that benthic B/Ca is an established quantitative proxy for bottom wa-
ter Δ[CO2−3 ] change and is not affected by dissolution (Yu and Elderfield,
2007), it follows that Δ[CO2−3 ] reconstructed from the same sediment sample
as planktonic B/Ca could be used to correct for dissolution bias of planktonic
B/Ca. Accordingly, here we attempt to use benthic B/Ca to evaluate how
planktonic B/Ca records can be altered by bottom water Δ[CO2−3 ] change in
sediment cores.
Sites with planktonic B/Ca evidently affected by dissolution are chosen for
the following analysis. We begin by comparing our core-top planktonic B/Ca
in G. sacculifer (w/o sac) and G. ruber (w) to published benthic B/Ca in C.
wuellerstorfi (data are from (Yu and Elderfield, 2007)) from the Ontong Java
Plateau, the Southwestern Indian Ocean, and the Caribbean Sea. Planktonic
and benthic B/Ca from different depth transects are translated to relative
change within each depth transect. This makes data from different depth
transects comparable:
B/Cadiff = B/Cameasured −B/Camean. (2.2)
It is revealed that all data from these three areas show a positive correlation
between planktonic B/Ca and benthic B/Ca. B/Ca in G. sacculifer (w/o
sac) and G. ruber (w) decreases 0.38 ± 0.11and 0.60 ± 0.07 µmol/mol per
µmol/mol B/Ca change in C. wuellerstorfi, respectively (Figure 2-5).
The comparison made above shows that B/Ca change can be 35-55% of
benthic B/Ca change, when planktonic B/Ca is subject to the influence of
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Figure 2-5: B/Ca in G. sacculifer (w/o sac) and G. ruber (w) versus
co-existing B/Ca in C. wuellerstorfi (Yu and Elderfield, 2007). Hori-
zontal error bars indicate available standard errors of benthic B/Ca
(Yu and Elderfield, 2007). Questionable data points are framed
within boxes and excluded from regression analysis. Solid lines and
dashed lines are regression lines and 95% confidence internals, re-
spectively, for the predicted planktonic B/Ca decline based on ben-
thic B/Ca.
dissolution. Glacial-interglacial difference of deep water Δ[CO2−3 ] can be as
large as 50 µmol/kg, based on reconstructions via various proxies (Broecker
and Clark, 2001b; Marchitto et al., 2005; Yu et al., 2010a; Doss and Marchitto,
2013), equivalent to 57 µmol/mol variation of B/Ca variations in C. wueller-
storfi (Yu and Elderfield, 2007). According to the correlations we observe,
this would alter the planktonic B/Ca by 18-28 µmol/mol, if Δ[CO2−3 ] of one
certain site is always below the threshold Δ[CO2−3 ] value for planktonic B/Ca
decline. This dissolution effect is substantial compared to glacial-interglacial
change in planktonic B/Ca of 25 µmol/mol (Yu and Elderfield, 2007; Foster,
2008; Palmer et al., 2010; Yu et al., 2013). With the sensitivity of planktonic
B/Ca change to benthic B/Ca change here and the threshold Δ[CO2−3 ] value
for planktonic B/Ca decline, it is feasible to correct for dissolution effects on
planktonic B/Ca, if a benthic B/Ca record is available.
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2.5 Conclusions
In this study, we have measured B/Ca in four planktonic foraminiferal
species in core-top samples from three depth transects to investigate disso-
lution effects on planktonic B/Ca. We find that the dissolution effects on
planktonic B/Ca are species-specific. Among the four species examined, B/Ca
in G. sacculifer (w/o sac) and G. ruber (w) shows significant decreases with
progressive dissolution, while B/Ca in N. dutertrei and P. obliquiloculata is
negligibly influenced by dissolution. The reason for species-specific responses
of B/Ca in different species to dissolution might be related to the micro-scale
distribution of B in foraminiferal shells. Decline of B/Ca in G. sacculifer
(w/o sac) and G. ruber (w) can be empirically correlated with bottom water
Δ[CO2−3 ] and B/Ca in coexisting benthic foraminifera, providing a means to
correct for dissolution effects on planktonic B/Ca in sediment cores.
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Chapter 3
Revisiting salinity effect on
planktonic foraminiferal Mg/Ca
3.1 Introduction
Planktonic foraminiferal Mg/Ca is a widely used proxy for past sea sur-
face temperatures (e.g., Elderfield and Ganssen, 2000; Lea et al., 2003). Bulk
shell Mg/Ca of planktonic foraminifera is observed to increase with seawater
temperatures, as shown by studies based on sediment traps, core-tops, and
cultured specimens (Anand et al., 2003; Dekens et al., 2002; Lea et al., 1999;
Nürnberg et al., 1996). For example, based on Mg/Ca in multiple planktonic
species, Anand et al. (2003) established a calibration:
Mg/Ca = (0.38± 0.02)× e(0.09±0.003)×T . (3.1)
This calibration has been routinely employed to reconstruct sea surface tem-
peratures from planktonic Mg/Ca.
Apart from temperature, planktonic Mg/Ca is also found to be suscepti-
ble to several other parameters including deepwater saturation state (Brown
and Elderfield, 1996; Regenberg et al., 2006, 2014), surface seawater carbonate
chemistry (Lea et al., 1999; Russell et al., 2004; Evans et al., 2016b), seawater
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Mg/Ca (Evans et al., 2016a), and salinity (Kısakurek et al., 2008; Arbuszewski
et al., 2010; Hönisch et al., 2013). Of relevance to this study, an influence
of salinity on planktonic foraminiferal Mg/Ca would introduce uncertainties
into temperature reconstructions. However, there is currently no consensus on
the magnitude of the salinity effect on planktonic Mg/Ca, since culture ex-
periments and core-top studies gave contrasting results. Culture experiments
showed a weak salinity effect, at 3-6% per salinity unit change, on planktonic
Mg/Ca (Lea et al., 1999; Kısakurek et al., 2008; Dueñas-Bohórquez et al., 2009;
Hönisch et al., 2013). Core-top studies, on the other hand, suggested much
stronger salinity effects ranging from 15 to 30% per salinity unit change on
Mg/Ca in a widely used species Globigerinoides ruber (white) (Arbuszewski
et al., 2010; Ferguson et al., 2008; Mathien-Blard and Bassinot, 2009). The
large salinity effects on core-top G. ruber (w) Mg/Ca are inferred from dis-
crepancies of Mg/Ca-derived temperatures (termed TMg) with sea surface
temperatures (SST) from modern hydrological data and with temperatures
estimated from foraminifera-seawater δ18O offsets (termed Tiso) (Arbuszewski
et al., 2010; Ferguson et al., 2008; Mathien-Blard and Bassinot, 2009). In these
core-top studies, G. ruber (w) Mg/Ca were poorly correlated with SST, but
the correlation was significantly improved when sea surface salinity (SSS) was
included in the multivariate regression analyses. A large salinity effect on G.
ruber (w) Mg/Ca was also implied by a strong positive correlation between
SSS and ‘excess Mg/Ca’ (Mg/Caxs), where Mg/Caxs is defined as the differ-
ence between measured Mg/Ca and Mg/Ca calculated from either hydrological
temperatures or Tiso (Equation (3.2), Arbuszewski et al., 2010; Ferguson et al.,
2008; Mathien-Blard and Bassinot, 2009).
Mg/Caxs =Mg/Cameasured −Mg/Caexpected, (3.2)
whereMg/Caexpected represent Mg/Ca estimated from either hydrological data
or oxygen isotope data. The large salinity effect on G. ruber (w) Mg/Ca, if
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valid, would compromise the reliability of planktonic Mg/Ca as a proxy for
sea surface temperature reconstructions. For example, the effect of 1 unit
change in salinity on Mg/Ca would be equivalent to that of 1.7-3.3°C change
in temperature, based on a salinity sensitivity of 15-30% per salinity unit
change (Arbuszewski et al., 2010; Ferguson et al., 2008; Mathien-Blard and
Bassinot, 2009).
Several attempts have been made to reconcile the contrasting salinity ef-
fects derived from core-top and culture studies. Firstly, it was suggested that
a large salinity effect could result from post-depositional alterations that over-
print Mg/Ca of pristine foraminiferal shells. The large salinity effect reported
for the Mediterranean Sea samples (Ferguson et al., 2008) was later questioned
by the presence of high-Mg overgrowths on the shells (Boussetta et al., 2011;
Hoogakker et al., 2009). Secondly, the poor correlation between TMg and SST
for the Atlantic core-tops (Arbuszewski et al., 2010) was partially attributed to
overcorrecting post-depositional dissolution influences on Mg/Ca (Hertzberg
and Schmidt, 2013; Hönisch et al., 2013). Thirdly, variations of G. ruber (w)
Mg/Ca of the Atlantic core-top samples (Arbuszewski et al., 2010) might be
in part driven by latitude-dependent variations in the calcification depth and
seasonality of this species. By invoking variable calcification depths and sea-
sonality along the Atlantic meridional transect, the correlation between TMg
and hydrological temperatures could be significantly improved (Hertzberg and
Schmidt, 2013; Hönisch et al., 2013). However, the salinity effect derived from
the Atlantic core-tops (Arbuszewski et al., 2010) has not been fully resolved.
G. ruber (w) TMg remain higher than the hydrological temperatures at high
salinity sites, and the correlation between salinity and Mg/Caxs (Arbuszewski
et al., 2010) is still strong after taking seasonality and calcification into account
(Figure 3-1) (Hönisch et al., 2013).
In this chapter, salinity effects on planktonic Mg/Ca are investigated by
analyzing Mg/Ca in G. ruber (white, sensu stricto) and Globigerinoides sac-
culifer (without final sac-like chamber) from core-tops in the open Atlantic.
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Figure 3-1: Correlation between Mg/Caxs and salinity in (Ar-
buszewski et al., 2010), after reinterpreted by (Hönisch et al., 2013).
Hönisch et al. (2013) attempted to dismiss the salinity effect on G.
ruber (w) Mg/Ca observed from data in (Arbuszewski et al., 2010).
They discarded the dissolution corrections applied to Mg/Ca and in-
voked varying seasonality and calcification depths for different core-
top sites. By doing so, the correlation between Mg/Ca and hydro-
logical temperatures was significantly improved. However, there was
still a strong correlation between Mg/Caxs and salinities, indicating
a strong salinity effect on G. ruber (w) Mg/Ca.
Both species are mixed-layer species favoring tropical and subtropical surface
waters (e.g., Bé and Hamlin, 1967; Fairbanks et al., 1982; Hemleben et al.,
1989; Tolderlund and Bé, 1971), with G. sacculifer (w/o sac) dwelling slightly
deeper in the mixed layer (Fairbanks et al., 1982; Ravelo and Fairbanks, 1992).
G. ruber (w) has been the focus of previous studies. Among G. ruber (w) sites
in this study, 34 of them were measured and used to argue for strong salin-
ity effects (Arbuszewski et al., 2010). The salinity effect on G. sacculifer (w/o
sac) Mg/Ca has been determined in culture experiments (Hönisch et al., 2013),
but not yet been explored in core-top studies. New G. ruber (w) Mg/Ca from
this study are lower than the published values, making re-evaluation of the
potential salinity effect on planktonic Mg/Ca necessary. Specifically, the large
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salinity effects, previously inferred from the offsets of TMg from hydrological
temperatures and Tiso are re-examined.
In the context of this thesis, it is important to constrain the calcification
depth and seasonality for the studied species, in order to better estimate the
environmental parameters. If the salinity effect on Mg/Ca is small, the calcifi-
cation depth and seasonality of G. ruber (w) and G. sacculifer (w/o sac) can
be determined.
3.2 Materials and methods
3.2.1 Materials
The core-tops are selected from a meridional core-top transect along the
Mid-Atlantic Ridge covering large ranges in latitude (35°S to 45°N) and water
depth (1.7 to 5.2 km) (Figure 3-2). Ages of most of these core-tops are verified
to be the Late Holocene (0-6 kyr), based on radiocarbon dating, oxygen isotope
stratigraphy, or carbonate content (Arbuszewski et al., 2010; Cléroux et al.,
2013). G. ruber (w) and G. sacculifer (w/o sac) shells were picked from 57
and 60 core-tops, respectively.
For each sample, 50 shells from the 250-355 µm size fraction were picked.
The narrow size fraction range can minimize potential size effects on Mg/Ca
(Elderfield et al., 2002; Friedrich et al., 2012). Foraminiferal shells were crushed,
rinsed with Milli-Q water and methanol, and checked under a microscope to
remove foreign particles using a single-haired brush (Yu et al., 2007a). In a
clean lab, all G. ruber (w) samples were cleaned with both oxidative and re-
ductive steps (Boyle and Keigwin, 1985; Barker et al., 2003). All G. sacculifer
(w/o sac) samples were first oxidatively cleaned, and 15 of these samples were
split into two subsamples. One subsample was further reductively cleaned.
Mg/Ca in the subsamples with reductive step are 2.2% lower than those with-
out (Mg/Car = 0.978 × Mg/Cao, n=15, r2 = 0.97, intercept forced to zero,
Figure 3-3). This difference introduces no more than 0.2 °C bias in TMg cal-
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Figure 3-2: Panel (A) and (C) show annual mean SST and SSS,
respectively (WOA 09, Locarnini et al., 2010; Antonov et al., 2010).
White circles indicate core-top sites. Panel (B) and (D) show the
annual mean temperature and salinity in upper 100 m along the
Mid-Atlantic Ridge.
culated from Mg/Ca with or without the reductive step, negligible compared
to the uncertainty of calibrations. Therefore, no correction was applied to G.
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sacculifer (w/o sac) Mg/Ca cleaned by different methods.
Figure 3-3: Effects of different cleaning methods on G. sac-
culifer (w/o sac) Mg/Ca. Comparison between G. sacculifer (w/o
sac) Mg/Ca in two subsamples cleaned with oxidative step only
(Mg/Cao) and with both oxidative and reductive steps (Mg/Car).
The black line is the 1:1 line.
3.2.2 Mg/Ca measurement
Trace element to calcium ratios of dissolved foraminiferal samples were
measured on a Varian 820 ICP-MS at the Australian National University
(ANU) following the method of Yu et al. (2005). Analytical precision for
Mg/Ca is better than 2% (2σ). Other ratios including Fe/Ca, Mn/Ca, and
Al/Ca were measured to monitor potential contaminations from Fe/Mn hy-
droxide coatings and the effectiveness of clay removal. There is no correlation
between Mg/Ca and Fe/Ca, Mn/Ca, or Al/Ca in foraminiferal calcite samples,
suggesting a minimal influence of contamination phases on Mg/Ca results in
this study.
Two carbonate reference materials, BAM RS3 and CMSI 1767 (Greaves
et al., 2008), were also measured along with samples to test the accuracy of
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Mg/Ca measurements. The measured Mg/Ca of BAM RS3 and CMSI 1767
are 0.80 ± 0.02 mmol/mol (n = 3, 2σ) and 5.58 ± 0.08 mmol/mol (n = 4,
2σ), respectively, which are within 1.4 % (2σ) of the accepted values (Greaves
et al., 2008).
For inter-laboratory comparisons, Mg/Ca in 9 dissolved foraminiferal sam-
ples, 2 calibration standard solutions used at the ANU, and 2 carbonate refer-
ence materials (BAM RS3 and CMSI 1767) were also measured in the Lamont-
Doherty Earth Observatory of Columbia University (LDEO). The Mg/Ca dif-
ference between ANU and LDEO is smaller than 0.16 mmol/mol, except for
one standard solution (Mg/CaANU = 3.02 mmol/mol, Mg/CaLDEO = 2.81
mmol/mol) (Figure 3-4). The overall agreement between Mg/Ca obtained
from both laboratories suggests a minimal inter-laboratory offset in Mg/Ca
measurements.
3.2.3 Hydrological data calculation
Modern hydrological datasets are employed to estimate the hydrological
conditions at each core-top site. Seasonal and annual mean sea surface temper-
atures and salinities are extracted from the World Ocean Atlas 2009 dataset
(WOA09) (Antonov et al., 2010; Locarnini et al., 2010). To evaluate the disso-
lution effect on Mg/Ca, deep water calcite saturation state (Δ[CO2−3 ], defined
as the difference between in-situ [CO2−3 ] and saturation [CO
2−
3 ]) is calculated
from carbonate chemistry data (total alkalinity, dissolved inorganic carbon
(DIC), anthropogenic CO2, phosphate concentration, and silicate concentra-
tion) using the Global Ocean Data Analysis Program database (GLODAP,
v1.1) (Key et al., 2004). The DIC is corrected to the preindustrial level by
removing the anthropogenic CO2 (Sabine et al., 2004). The Δ[CO2−3 ] is calcu-
lated by CO2sys v2.1 (Lewis et al., 1998), using the same constants as in Yu
and Elderfield (2007).
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3.3 Comparison with published data
The new G. ruber (w) Mg/Ca, measured by both ANU and LDEO, are on
average 12% lower than those reported in Arbuszewski et al. (2010) (Figure 3-
4). Explaining the higher Mg/Ca in Arbuszewski et al. (2010) requires further
investigation, but is out the scope of the current study. Yet, it is possible that
slightly different cleaning procedures might be responsible for the Mg/Ca con-
trast. In this study, all contaminants visible under a microscope were removed
prior to the oxidative step to ensure samples free of dirty particles, which could
be bleached and mistaken as clean shell fragments after the oxidative step (Yu
et al., 2007a).
Figure 3-4: Comparison of Mg/Ca between different studies and
labs. Green squares, blue squares, and blue circles represent re-
sults for solid carbonate standards, solution standards, and dis-
solved foraminiferal solutions, measured at ANU and LDEO, re-
spectively. Red circles show foraminiferal samples measured by this
study and Arbuszewski et al. (2010). The solid line with shading is
the 1:1 line with ±2% uncertainty, corresponding to the analytical
precision.
Following the same multivariate regression analysis method used by Ar-
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buszewski et al. (2010), the new data in this study suggest that the salinity
effect on G. ruber (w) Mg/Ca would be 14% per salinity unit change:
Mg/Ca = 0.0055× e0.054×T+0.14×S , r2 = 0.79, n = 57, G. ruber (w). (3.3)
Compared to the 27% per salinity unit change reported by Arbuszewski et al.
(2010), it represents ∼13% decrease in the salinity effect on G. ruber (w)
Mg/Ca. This suggests that the higher and possibly biased Mg/Ca are partially
responsible for the large salinity effect reported by Arbuszewski et al. (2010).
This is the incentive to revisit the previous efforts discounting a strong salinity
effect on the Atlantic core-top G. ruber (w) Mg/Ca (Hönisch et al., 2013;
Hertzberg and Schmidt, 2013).
To address the poor correlation between TMg and SST for the Atlantic
core-topG. ruber (w), previous studies have invoked influences of post-depositional
dissolution (Hertzberg and Schmidt, 2013) and latitude-dependent variations
in calcification depths and seasonality of G. ruber (w) (Hönisch et al., 2013).
These two arguments will be discussed in the following two sections.
3.4 Dissolution effect on Mg/Ca
Post-depositional dissolution can lower foraminiferal Mg/Ca and lead to
an underestimation of temperature (Brown and Elderfield, 1996; Regenberg
et al., 2006, 2014; Johnstone et al., 2011). Foraminiferal calcite dissolution
occurs in both bottom waters and pore waters, when they are under-saturated
with respect to calcite owing to low in situ [CO2−3 ] or high saturation [CO
2−
3 ]
(Berger, 1970; Archer and Maier-Reimer, 1994). The effect of dissolution can
be corrected using an independent parameter (Dekens et al., 2002; Regenberg
et al., 2006, 2014). Currently, there are two methods to correct for the disso-
lution effect on planktonic foraminiferal Mg/Ca: bottom water [CO2−3 ]-based
(Regenberg et al., 2006, 2014; Johnstone et al., 2011) and water depth-based
(Dekens et al., 2002) correcting methods. Dissolution corrections are needed
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for core-tops, as post-depositional dissolution is expected at some sites, where
the overlying bottom waters are undersaturated. I compare the effects of these
two dissolution correction methods on planktonic TMg interpretation.
Declines in planktonic Mg/Ca caused by dissolution are empirically cor-
related with bottom water Δ[CO2−3 ] below a threshold Δ[CO
2−
3 ] value (Brown
and Elderfield, 1996; Regenberg et al., 2006, 2014; Johnstone et al., 2011). As
deep water saturation [CO2−3 ] is correlated to pressure and thus water depth,
Dekens et al. (2002) used water depth to account for dissolution effects. The
relationships used for corrections in the Atlantic are:
G. ruber (w) : Mg/Ca = 0.38× e0.09
(
T−0.61×(core depth)
)
,
core depth > 2.8 km,
(3.4)
G. sacculifer (w/o sac) : Mg/Ca = 0.37× e0.09
(
T−0.36×(core depth)
)
,
core depth > 2.8 km.
(3.5)
Alternatively, dissolution effects on Mg/Ca can be corrected using bottom
water Δ[CO2−3 ]. Regenberg et al. (2014) developed a series of species-specific
correction calibrations based on core-top samples:
G. ruber (w) : ΔMg/Ca = (0.054± 0.019)× (17.9± 6.6−Δ[CO2−3 ]),
Δ[CO2−3 ] < 17.9± 6.6 µmol/kg,
(3.6)
G. sacculifer (w/osac) : ΔMg/Ca = (0.054± 0.019)× (20.2± 6.6−Δ[CO2−3 ]),
Δ[CO2−3 ] < 20.2± 6.6 µmol/kg.
(3.7)
To compare these two dissolution correction methods, I calculate temper-
ature corrections (ΔT) applied to the TMg from both methods. For the depth-
based correction, ΔT is the difference between TMg calculated from Equation
3.4 or 3.5 and Equation (3.1). For the Δ[CO2−3 ]-based correction, ΔT is the
difference between TMg calculated from Mg/Ca using Equation (3.1), with or
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without dissolution correction according to Equation 3.6 or 3.7.
A comparison of ΔT based on these two correction methods is shown in
Figure 3-5. For G. ruber (w), Δ[CO2−3 ]-based ΔT increases from ∼0°C for
sites close to the Δ[CO2−3 ] threshold to ∼4°C for sites ∼15 µmol/kg below the
saturation horizon. For G. sacculifer (w/o sac), Δ[CO2−3 ]-based ΔT shows a
similar pattern, but a larger ΔT magnitude owing to several more undersatu-
rated sites. By comparison, depth-based ΔT of G. ruber (w) surges from 0 to
∼1.8°C at the threshold depth of 2.8 km, and increases towards ∼2.7°C at 4.5
km. Depth-based ΔT of G. sacculifer (w/o sac) is similar to that of G. ruber
(w), with a smaller variation of ∼1.1 to 1.8°C.
Figure 3-5: Δ[CO2−3 ]-based correction (red circles) and depth-
dependent correction (blue squares), for G. ruber (w) (A) and G.
sacculifer (w/o sac) (B). The errorbars of Δ[CO2−3 ]-based correc-
tions are 68% probability intervals from a Monte-Carlo simulation.
The dashed lines show threshold values ofΔ[CO2−3 ]-based correction
and calcite saturation horizon. No errorbars are shown for depth-
based dissolution correction, because uncertainties are not derived
in (Dekens et al., 2002).
Based on the comparison above, the Δ[CO2−3 ]-based dissolution correc-
tion is preferred for the following three reasons. Firstly, as can be seen in the
Atlantic core-top data, the Δ[CO2−3 ]-based dissolution correction is smooth
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near the threshold Δ[CO2−3 ], while the depth-based dissolution correction in-
troduces an abrupt transition of ΔT near the threshold depth, which is not
realistic. Secondly, the Δ[CO2−3 ]-based dissolution correction can provide a
meaningful correction to downcore records, while depth-based correction can-
not. On the glacial-interglacial timescale, the bottom water Δ[CO2−3 ] can
change dramatically (Yu and Elderfield, 2007; Yu et al., 2010b; Gottschalk
et al., 2015), resulting in varying dissolution effects. This variation can be
captured by the Δ[CO2−3 ]-based dissolution correction with an independent
proxy for Δ[CO2−3 ], but not by the depth-based dissolution correction, owing
to the relatively small water depth variation (< 130 m, Grant et al., 2014)
and low sensitivities of ΔT to water depth. Thirdly, by reanalyzing data from
the depth transects in Dekens et al. (2002), Hönisch et al. (2013) found that
the depth-based correction tends to overcorrect (undercorrect) Mg/Ca above
(below) the calcite saturation horizon.
One caveat of the Δ[CO2−3 ]-based dissolution correction is the uncertainty
introduced to Mg/Ca, especially in more undersaturated bottom waters. The
1σ of ΔMg/Ca of both species increase from 0.16 mmol/mol at the Δ[CO2−3 ]
threshold to 0.47 and 0.52 mmol/mol at the saturation horizon for G. ruber
(w) and G. sacculifer (w/o sac), respectively. At the most undersaturated
sites in this study, these uncertainties in Mg/Ca are equivalent to ∼1.8°C un-
certainties in TMg. As the temperature corrections applied are larger than the
2σ in TMg introduced by dissolution correction, Δ[CO2−3 ]-based dissolution
correction improves the ‘pristine’ signal in Mg/Ca despite the large uncertain-
ties introduced. For this reason, Δ[CO2−3 ]-based dissolution corrections are
applied to all affected sites in the following discussions, with the uncertainty
ranges propagated.
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3.5 Calcification depth and seasonality
The salinity effects on G. ruber (w) Mg/Ca were inferred from the weak
correlations between Mg/Ca and temperatures and the strong correlations be-
tween Mg/Caxs and salinity (Mathien-Blard and Bassinot, 2009; Arbuszewski
et al., 2010). Hertzberg and Schmidt (2013) and Hönisch et al. (2013) improved
the correlation between G. ruber (w) TMg in (Arbuszewski et al., 2010) and
hydrological temperatures, by invoking variable calcification depths and sea-
sonality of G. ruber (w) at different latitudes. Hertzberg and Schmidt (2013)
found that using annual mean temperatures at 30 m for the tropical latitude
sites and mean temperatures at 30 m for the temperate latitude sites can
improve the correlation between G. ruber (w) TMg and hydrological tempera-
tures. Hönisch et al. (2013) found that the average habitat depth of G. ruber
(w) is deeper at tropical latitudes than at temperate latitudes, by comparing
G. ruber (w) TMg with seasonal temperatures at different depths. By in-
voking varying calcification depths and seasonality, previous work discounted,
to some extent, but not all, the salinity effect on G. ruber (w) Mg/Ca. In-
deed, although G. ruber (w) and G. sacculifer (w/o sac) are often regarded
as tropical-subtropical species living in the mixed-layer (e.g., Bé and Ham-
lin, 1967; Fairbanks et al., 1982; Tolderlund and Bé, 1971; Hemleben et al.,
1989), studies based on plankton net, sediment trap, and oxygen isotopes of
planktonic foraminifera all suggest that seasonality and calcification depths
of these species vary at different latitudes (Tolderlund and Bé, 1971; Žarić
et al., 2005; Jonkers and Kučera, 2015, 2017). Following previous studies, the
effects of changing calcification depth and seasonality on the interpretation
of planktonic foraminiferal Mg/Ca from the Atlantic meridional transect are
explored here. Specifically, I 1) examine the correlations between dissolution-
corrected Mg/Ca and hydrological temperatures at different depths in different
seasons, and the correlations between corresponding Mg/Caxs and hydrologi-
cal salinities, and 2) calculate the salinity effects on planktonic Mg/Ca using
38
SECTION 3.5 CHAPTER 3. SALINITY EFFECT MG/CA
the multivariate regression method.
3.5.1 G. ruber (w)
Dissolution-corrected G. ruber (w) Mg/Ca is compared with annual mean,
summer (July to September in the North Hemisphere, and January to March
in the South Hemisphere), and winter (July to September in the South Hemi-
sphere, and January to March in the North Hemisphere) hydrological temper-
atures at 0, 30, and 50 m. The depths and the seasons of the hydrological
temperatures represent the ‘hypothesized’ calcification depths and the seasons
of G. ruber (w), respectively. By including all the combinations, no prior
knowledge about the calcification depths and the seasonality of G. ruber (w)
is involved.
Correlations between Mg/Ca and hydrological temperatures, with varying
calcification depths and the seasonality, are shown in Figure 3-6. Regardless
of the ‘hypothesized’ calcification depths and seasons, these Mg/Ca-T correla-
tions are always significant (r2 from 0.48 to 0.63), compared to that reported
in (Arbuszewski et al., 2010) (r2 = 0.19). The Mg/Ca-T correlations become
stronger, by increasing calcification depths. By contrast, The Mg/Ca-T cor-
relations are less sensitive to seasonality variations. The strongest Mg/Ca-T
correlation is achieved when G. ruber (w) calcifies at 50 m during summer.
The correlations between Mg/Caxs and hydrological salinities are shown
in Figure 3-7. Although significant (r2 = 0.11 to 0.37, with p values all < 0.05),
these Mg/Caxs-S correlations are much weaker compared to that reported in
(Arbuszewski et al., 2010) (r2 = 0.77). Mg/Caxs are more strongly correlated
with salinities, at shallower calcification depths. Changing seasonality does
not have obvious impacts on the significance of the Mg/Caxs-S correlations.
Multivariate regression analyses are conducted between Mg/Ca and tem-
peratures and salinities at different depths during various seasons. The results
of the regression analyses (r2 values and sensitivities of Mg/Ca to tempera-
tures and salinities) are summarized in Table 3.1. r2 values of the multivariate
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Figure 3-6: Comparison between dissolution-corrected G. ruber (w)
Mg/Ca and hydrological temperatures, at different depths during
different seasons. The empty and filled dots are data from the trop-
ical and the temperate Atlantic, respectively. The errorbars indicate
±1σ errors of the dissolution corrected Mg/Ca. The analytical error
of Mg/Ca is comparable to the size of dots. The red curves with the
envelops are the exponential regressions with 95% confidence inter-
vals. The black curves represent the calibration curve from Anand
et al. (2003).
regressions range from 0.57 to 0.69, higher than r2 values of the correspond-
ing regressions between Mg/Ca and temperatures (0.48 to 0.63). The salinity
effects on G. ruber (w) Mg/Ca vary from 9.6 to 15.6% per salinity unit, when
different hydrological data are used. The lowest salinity effect can be achieved
by using summer hydrological data at 50 m water depth.
Compared to Arbuszewski et al. (2010), G. ruber (w) Mg/Ca from the
Atlantic meridional transect in this study are more strongly correlated to hy-
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Figure 3-7: Comparisons between G. ruber (w) Mg/Caxs and hy-
drological salinity, at different depths during different seasons. The
empty and filled dots are data from the tropical and the temperate
Atlantic, respectively.
Season Depth r2 T sens. S sens.
m % per °C % per unit
Annual Mean
0 0.65 4.9 13.2
30 0.66 4.6 13.8
50 0.69 4.3 11.9
Summer
0 0.57 6.8 10.1
30 0.63 6.0 10.0
50 0.69 4.7 9.6
Winter
0 0.65 4.1 13.3
30 0.68 3.9 15.6
50 0.69 3.9 13.7
Table 3.1: Sensitivities of G. ruber (w) Mg/Ca to temperature and
salinity derived from multivariate regression analyses.
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drological temperatures, and the corresponding Mg/Caxs are less significantly
correlated with salinities. These observations indicate a weaker salinity effect
on G. ruber (w) Mg/Ca. Nevertheless, the salinity effect on G. ruber (w)
Mg/Ca is still evident, due to the significant correlations between Mg/Caxs
and salinities and more significant correlations when salinity is included in the
regression analyses.
For the next step, the salinity effect on G. ruber (w) Mg/Ca is further
investigated by invoking variations of calcification depth and seasonality at
various latitude ranges. Specifically, multivariate regressions are carried out
between Mg/Ca and temperatures and salinities, where the temperatures and
salinities are allowed to come from different depths and seasons in various
latitude ranges. The reason for doing so is that seasonality and calcification
depths of G. ruber (w) can vary at different latitudes (Tolderlund and Bé,
1971; Žarić et al., 2005; Jonkers and Kučera, 2015, 2017), and these variations
can affect the interpretation of G. ruber (w) Mg/Ca from (Arbuszewski et al.,
2010) (Hönisch et al., 2013; Hertzberg and Schmidt, 2013).
The detailed method is described as follows. Each core-top site is first cat-
egorized as either ‘tropical’ or ‘temperate’ based on latitude, because G. ruber
(w) is a mixed-layer species favoring tropical and subtropical waters (Bé and
Hamlin, 1967; Fairbanks et al., 1982; Hemleben et al., 1989; Tolderlund and
Bé, 1971), so that calcification depths and seasonality of G. ruber (w) can be
different at tropical and temperate latitudes. Core-tops sites between 10°S and
15°N are deemed as tropical sites, while sites north of 15°N and south of 10°S
are classified as temperate sites. It is notable that the core-tops within the sub-
tropical gyres with relatively high salinity fall within the temperate latitudes
(Figure 3-2). Hydrological data are constructed by specifying the calcification
depths and seasons at the temperate and the tropical latitudes, respectively.
Here, based on current understanding of calcification depth and seasonality
of G. ruber (w), several conditions are applied to reduce the combinations of
calcification depths and seasonality at the temperate and the tropical latitude.
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As G. ruber (w) prefer tropical warm waters (Bé and Hamlin, 1967; Hemleben
et al., 1989; Tolderlund and Bé, 1971), it is expected that G. ruber (w) do
not prefer 1) calcifying at deeper depth at temperate latitudes than at tropical
latitudes, 2) calcifying in winter at temperate latitudes, 3) or calcifying in the
cooler season at temperate latitudes compared to tropical latitudes. Therefore,
depths of hydrological data at temperate latitudes are assumed to calcify no
deeper than those at tropical latitudes, not in winter, and during seasons no
cooler than those at tropical latitudes. In total, 30 combinations of hydrologi-
cal data are investigated. Regression analyses are carried out between G. ruber
(w) Mg/Ca and hydrological data to find out the minimum and maximum of
salinity effects on G. ruber (w) Mg/Ca.
The results of regression analyses are shown in Figure 3-8. Here, salinity
sensitivities, temperature sensitivities, and r2 are presented by the shadings
of the grids, against different combinations of seasonality (x axes) and calcifi-
cation depth (y axes) at temperate and tropical latitudes (see caption for an
example).
The salinity effect on G. ruber (w) Mg/Ca varies with T-S of selected
depths and seasons. The salinity sensitivity of G. ruber (w) Mg/Ca ranges
from -2.5 to 13.8 % per salinity unit (Figure 3-8A), compared to 9.6-15.6 %
per salinity unit using T-S for constant seasons and depths (r2 = 0.57 to 0.69,
temperature sensitivity = 3.9 to 6.8 % per °C, see Table 3.1 for details). I use
temperature sensitivities and r2 to infer the most likely calcification depths and
seasonality of G. ruber (w) thus constraining the salinity effect on Mg/Ca.
Firstly, the temperature sensitivities derived from the multivariate regres-
sions are required to fall within the published sensitivity range. The sen-
sitivities of G. ruber (w) Mg/Ca to temperature derived from multivariate
regressions range from 4 to 8 % per °C (Figure 3-8B). By comparison, the
temperature sensitivities of G. ruber (w) Mg/Ca vary from 6.8 to 10.2 % per
°C based on culture experiments and sediment traps (Lea et al., 2000; Anand
et al., 2003; McConnell and Thunell, 2005; Kısakurek et al., 2008). These
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Figure 3-8: Summary of the regression analyses between G. ruber
(w) Mg/Ca and T, S. Panel (A) and (B) show the sensitivities of G.
ruber (w) Mg/Ca to salinity and temperature, respectively. Panel
(C) shows the r2 of multivariate regressions. The x axises represent
combinations of calcification seasons for temperate and tropical re-
gions (W = winter, S = summer, A = annual mean). The y axises
represent combinations of calcification depths for temperate and
tropical regions. For example, in all panes, the top-right corner rep-
resents the result derived from annual mean hydrological data at 0
m at temperate latitudes and annual mean hydrological data at 0
m at tropical latitudes.
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published temperature sensitivities are not likely to be strongly compromised
by potential salinity effects. For culture studies, salinity is hold constant (Lea
et al., 2000; Kısakurek et al., 2008). For sediment trap studies, seasonal vari-
ation of salinity at trap sites is small (Anand et al., 2003; McConnell and
Thunell, 2005). To make temperature sensitivities from core-top data in this
study comparable to the published values, it is necessary to use summer hy-
dological data < 50 m at temperate latitudes (Figure 3-8B).
Secondly, the r2 of the regressions should be relatively high. r2 of the
correlations vary between 0.52 to 0.72 (Figure 3-8C). When seasonality of G.
ruber (w) is assigned as summer at temperate latitudes, r2 values of correlations
generally increase with increasing calcification depths at temperate latitudes.
Using constraints from both temperature sensitivities and r2 values of
correlations, several conclusions on the calcification depths and seasonality
of G. ruber (w) can be drawn. At temperate latitudes, calcification of G.
ruber (w) is biased towards summer, at the calcification depth of 30 m. At
tropical latitudes, the seasonality of G. ruber (w) is not obvious, and the
calcification depth is around 30 and 50 m. When G. ruber (w) from the
tropical region is assigned to calcify at 50 m, the highest r2 value is reached
while the temperature sensitivity is within the published range.
Based on the constrained seasonality and calcification depths of G. ruber
(w) as described above, the salinity effects on G. ruber (w) Mg/Ca are from
0.0 to 10.0 % per salinity unit. When r2 value is the highest, the salinity effect
is 1.8±3.1 % per salinity unit (1σ):
ln(Mg/Ca) = (0.018± 0.031)× S + (0.070± 0.007)× T − (1.1± 1.1),
r2 = 0.68.
(3.8)
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Figure 3-9: Comparisons between dissolution-corrected G. sac-
culifer (w/o sac) Mg/Ca and hydrological temperatures, at differ-
ent calcification depths and seasons. The empty and filled dots
are data from the tropical and the temperate Atlantic, respectively.
The errorbars represent 1σ uncertainty of the dissolution corrected
Mg/Ca. The analytical error of Mg/Ca is comparable to the size of
symbols. The blue curves with the envelops are the exponential re-
gressions with 95% confidence intervals. The black curves represent
the calibration curve from Anand et al. (2003).
3.5.2 G. sacculifer (w/o sac)
G. sacculifer (w/o sac) Mg/Ca is analyzed by the same approach as G. ru-
ber (w) Mg/Ca. Correlations between Mg/Ca and temperatures and between
Mg/Caxs and salinities are investigated to test whether there is detectable
salinity effects on G. sacculifer (w/o sac) Mg/Ca. Dissolution-corrected G.
sacculifer (w/o sac) Mg/Ca are compared with annual mean, summer, and
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Figure 3-10: Comparisons between G. sacculifer (w/o sac)Mg/Caxs
and hydrological salinity, at different calcification depths and sea-
sons. The empty and filled dots are data from the tropical and the
temperate Atlantic, respectively.
winter hydrological temperatures at 30, 50, and 75 m (Figure 3-9). G. sac-
culifer (w/o sac) Mg/Caxs are compared with the corresponding hydrological
salinities (Figure 3-10). Deeper calcification depths than G. ruber (w) are
chosen for G. sacculifer (w/o sac) because G. sacculifer (w/o sac) seems to
dwell deeper than G. ruber (w) (Fairbanks et al., 1982; Ravelo and Fairbanks,
1992). G. sacculifer (w/o sac) Mg/Ca are significantly correlated with tem-
peratures at all chosen calcification depths and seasons, with r2 ranging from
0.43 to 0.58 (Figure 3-9). Different from G. ruber (w), G. sacculifer (w/o
sac) Mg/Caxs are only correlated to salinity at calcification depth of 30 m (r2
=0.07, p = 0.04), whereas for the rest cases, G. sacculifer (w/o sac) Mg/Caxs
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are not significantly correlated with salinities (r2 <0.05, p > 0.05, Figure 3-
10). However, calcification depth is not likely to be 30 m for G. sacculifer (w/o
sac), if there is a salinity effect on Mg/Ca. In multivariate regression analyses
between G. sacculifer (w/o sac) Mg/Ca, temperature, and salinity at 30 m in
different seasons, the temperature sensitivities are between 2.8 to 3.7 % per
°C, significantly lower than the published range of 4.8 to 9.0 % per °C from
culture and sediment trap studies (Nürnberg et al., 1996; Anand et al., 2003).
Because the hydrological data, with which a salinity effect can be detected, fail
to reconstruct temperature sensitivities comparable to the published ranges,
it is concluded that core-top data suggest little salinity effect on G. sacculifer
(w/o sac) Mg/Ca.
Although there is no obvious salinity effect on G. sacculifer (w/o sac)
Mg/Ca, the calcification depths and seasonality of G. sacculifer (w/o sac)
can be determined in a similar way to G. ruber (w). Regression analyses
between Mg/Ca and temperatures are conducted, instead of a multivariate
regression with both temperature and salinity. The temperatures are allowed
to be different between the ‘temperate’ and the ‘tropical’ latitudes, with the
same definition as for G. ruber (w). Salinity is excluded in the regression anal-
yses, because little salinity effects on G. sacculifer (w/o sac) can be detected.
Temperature sensitivities and r2 values of regressions are used to constrain the
seasonal preference and calcification depth of G. sacculifer (w/o sac).
The result of regression analyses is shown in Figure 3-11. The temperature
sensitivities of G. sacculifer (w/o sac) Mg/Ca range between 3.5 and 5.9 % per
°C, in comparison to the published range of 4.8 to 9.0 % per °C from culture
and sediment trap studies (Nürnberg et al., 1996; Anand et al., 2003). To reach
the most compatible temperature sensitivities between core-tops in this study
and culture and sediment traps (Nürnberg et al., 1996; Anand et al., 2003), it
is necessary to assume that G. sacculifer (w/o sac) at the temperate latitudes
calcify at 30 m during summer (Figure 3-11A). For the tropical latitudes, G.
sacculifer (w/o sac) may calcify around 30-50 m, insensitive to seasonality.
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Figure 3-11: Summary of the regression analyses between G. sac-
culifer (w/o sac) Mg/Ca and hydrological data. Panel (A) shows
the sensitivities of G. sacculifer (w/o sac) Mg/Ca to temperature,
respectively. Panel (C) shows the r2 of the multivariate regressions.
The x axises represent the change in seasons of the hydrological
data. Letters in the parentheses are the seasons of the hydrological
data at temperate and tropical latitudes, respectively (W = winter,
S = summer, A = annual mean). The y axises represent the change
in depth of the hydrological data. Numbers in the parentheses are
the depths of the hydrological data at temperate and tropical lati-
tudes (in the unit of m), respectively.
Within these combinations of calcification depths and seasonality, r2 values
are comparable (Figure 3-11B), so that r2 values cannot help further constrain
calcification depths and seasonality.
Overall, similar to G. ruber (w), at the temperate latitude, G. sacculifer
(w/o sac) can be demonstrated to calcify at 30 m during summer, while at
the tropical latitudes, G. sacculifer (w/o sac) may calcify deeper than at the
temperate latitudes, with no seasonal bias.
3.5.3 Calcification depth and seasonality
The seasonality and calcification depth of G. ruber (w) and G. sacculifer
(w/o sac) deduced from Mg/Ca are consistent with previous observations
(Tolderlund and Bé, 1971; Žarić et al., 2005; Jonkers and Kučera, 2015, 2017).
G. ruber (w) and G. sacculifer (w/o sac) are thought to be mixed-layer species
favoring tropical and subtropical surface waters (e.g., Bé and Hamlin, 1967;
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Fairbanks et al., 1982; Hemleben et al., 1989; Tolderlund and Bé, 1971). Sea-
sonality of these two species is well registered in the moderate North Atlantic
(Tolderlund and Bé, 1971; Deuser, 1987). Between 32°N and 44°N in the
Atlantic, high abundance of G. ruber (w) and G. sacculifer (w/o sac) are
associated with thermal maxima during summer (Tolderlund and Bé, 1971).
At tropical latitude, seasonal appearance of these two species shows less pre-
dictable patterns (Žarić et al., 2005; Jonkers and Kučera, 2015). Jonkers and
Kučera (2015) concluded that these warm-water species do not demonstrate
a clear seasonality in tropical waters, but their occurrence tends to be nar-
rowed to warmer seasons at temperate latitudes. Based on comparison between
Mg/Ca and hydrological data, it is found in this study that seasonality of these
two species is biased towards summer at temperate latitudes, while there is
no seasonal preference at tropical latitude. These findings are consistent with
previous studies.
Defining calcification depth of the planktonic foraminifera is challenging
as most foraminifera migrate though the water column in their life cycles (Du-
plessy et al., 1981; Hemleben et al., 1989). Although regarded as ‘mixed-layer’
species, both G. ruber (w) and G. sacculifer (w/o sac) are present in up-
per 100 m in many plankton tow studies (Jones, 1967; Tolderlund and Bé,
1971; Fairbanks et al., 1980, 1982; Ravelo and Fairbanks, 1992). Many pre-
vious studies (Ravelo and Fairbanks, 1992; Hönisch et al., 2013; Jonkers and
Kučera, 2017) and this study calculate the ‘empirical’ calcification depth by
comparing proxy-based temperature estimates with hydrological temperatures.
This depth represents the apparent average calcification depth of the species.
The deeper calcification depth of G. ruber (w) and G. sacculifer (w/o sac)
at tropical latitudes than at moderate latitudes derived based on Mg/Ca in
this study is consistent with that derived from δ18Oc (Jonkers and Kučera,
2017). The ∼50 m calcification depth of G. ruber (w) found in this study is
also consistent with the maximum concentration of G. ruber (w) observed ∼50
m during April and May between 2°S and 2°N (Jones, 1967).
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3.5.4 Salinity effect
Based on the new Atlantic meridional transect core-top data, G. ruber
(w) Mg/Ca is affected by salinity, but G. sacculifer (w/o sac) Mg/Ca seems
not. The salinity effect on G. ruber (w) Mg/Ca is 13.2±2.8% per salinity
unit without considering variations of seasonality and calcification depth in
different latitude ranges. When these variations are taken into account, the
salinity effect on G. ruber (w) Mg/Ca is reduced to 0.0-10.0 % per salinity unit,
which is much weaker than that in (Arbuszewski et al., 2010). The salinity
effect can be as low as 1.8±3.1% per salinity unit, if G. ruber (w) is assumed to
calcify at 30 m during summer at temperate latitude and at 50 m all year round
at tropical latitude. This choice of the calcification depth and seasonality is
supported by current knowledge about calcification depth and seasonality of
G. ruber (w), as discussed in section 3.5.3. In this case, the derived salinity
effect is comparable to those obtained from culture experiments (Lea et al.,
1999; Kısakurek et al., 2008; Dueñas-Bohórquez et al., 2009; Hönisch et al.,
2013).
No salinity effect on G. sacculifer (w/o sac) Mg/Ca can be detected,
in contrast to G. ruber (w). In a culture experiment, G. sacculifer (w/o sac)
Mg/Ca is observed to be affected by salinity (Hönisch et al., 2013). The reason
for the absence of the salinity effect on G. sacculifer (w/o sac) is unclear,
but it is suspected to be related with the uncertainties in G. sacculifer (w/o
sac) Mg/Ca introduced by dissolution correction. The salinity effect on G.
sacculifer (w/o sac), if present, would be small, according to that culture
study (Hönisch et al., 2013) and the result for G. ruber (w). It is possible that
such a small salinity effect could be disguised by the uncertainties incurred
by dissolution correction, so that it is not detectable from the core-top data.
This is evident from the overall lower r2 values between G. sacculifer (w/o sac)
Mg/Ca and temperatures compared to r2 values between G. ruber (w) Mg/Ca
and temperatures.
Taken together, Mg/Ca in neither G. ruber (w) nor G. sacculifer (w/o
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sac) are strongly affected by salinity, although a statistically significant salinity
influence can be detected for G. ruber (w) Mg/Ca. These results are consistent
with culture studies, and resolve the long-standing debate regarding the salin-
ity effect on planktonic Mg/Ca. This salinity effect on G. ruber (w) Mg/Ca is
negligible compared to the influence of temperatures in the open ocean on the
glacial-interglacial timescale. This warrants Mg/Ca as a reliable paleotemper-
ature proxy on this timescale.
3.6 Salinity effects inferred fromMg/Ca and δ18Oc
Apart from the discrepancy between TMg and hydrological temperatures,
a strong salinity effect on G. ruber (w) Mg/Ca was also inferred from the
discrepancy between TMg and Tiso (Mathien-Blard and Bassinot, 2009; Ar-
buszewski et al., 2010) (see Section 3.1 for details). Here, I compare TMg with
Tiso, and calculate Mg/Caxs from these two temperature estimates. Mg/Caxs
are then compared with salinity to test for any salinity effect. This comple-
ments the comparison between TMg and hydrological temperatures.
Reference n
G. ruber (w)
(This study) (Mg/Ca), (Arbuszewski et al., 2010) (δ18Oc) 33
(Dekens et al., 2002) 18
(Mathien-Blard and Bassinot, 2009) 11
G. sacculifer (w/o sac)
(This study) 38
(Dekens et al., 2002) 18
Table 3.2: Source of paired Mg/Ca-δ18Oc data in the open Atlantic.
Paired Mg/Ca-δ18Oc for G. ruber (w) and G. sacculifer (w/o sac) are
compiled from Mg/Ca-δ18Oc in the open Atlantic from this and previous stud-
ies (Table 3.2). TMg are calculated from dissolution-corrected Mg/Ca using
Equation 3.1, and Tiso are calculated from δ18Oc and hydrological salinity.
To calculate Tiso, δ18Osw is first estimated from S using regional δ18Osw-S
covariations based on paired δ18Osw-S measurements (Schmidt et al., 1999)
(Equation 3.9). In the open Atlantic, δ18Osw strongly covaries with salinity
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(Schmidt et al., 1999):
δ18Osw =M × S +N, (3.9)
where M and N are latitude-dependent coefficients of the correlation deter-
mined by the paired δ18Osw-S measurements in the upper Atlantic seawater
(<200 m) as compiled in (Schmidt et al., 1999) (Figure 3-12, Table 3.3). A
gridded δ18Osw map based on the paired δ18Osw-S measurements compiled in
(Schmidt et al., 1999) is available, but δ18Osw at any site without δ18Osw-
S measurement nearby (within 550 km) still largely depends on the regional
δ18Osw-S covariation (LeGrande and Schmidt, 2006). δ18Osw derived from
the regional δ18Osw-S covariation are generally consistent with data extracted
from the gridded map in the Atlantic (LeGrande and Schmidt, 2006) (Figure
3-12B-D). With δ18Osw estimated from salinity, Tiso is calculated from δ18Oc
and δ18Osw using the low light calibration of Bemis et al. (1998) (Equation
3.10):
Tiso = 16.5± 0.2− (4.8± 0.16)× (δ18Oc − δ18Osw + 0.27),
Tiso = 16.5± 0.2− (4.8± 0.16)× (δ18Oc −M × S −N + 0.27).
(3.10)
It is noted that using salinity at different water depths or seasons generates
similar Tiso (variation < 0.5°C), because variation of salinity at any particular
site is small.
Latitude range M N RMSE n
North Atlantic∗ 15-40°N 0.52 -18.01 0.25 213
Tropical Atlantic 10°S-15°N 0.14 -4.41 0.34 337
South Atlantic 10-40°S 0.49 -16.95 0.12 98
∗: Mediterranean sites are excluded.
Table 3.3: Summary of regional δ18Osw-S correlation in the open
Atlantic.
The comparisons between TMg and Tiso for both species are shown in
Figure 3-13A, B. G. ruber (w) TMg and Tiso are significantly correlated, with
an r2 value of 0.55. In the North Atlantic, G. ruber (w) TMg and Tiso gen-
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Figure 3-12: Regional δ18Osw-S correlations in the open Atlantic.
(A): Sea surface δ18Osw map of the Atlantic. Data are from
LeGrande and Schmidt (2006). Black dots are sites with both
measured δ18Osw and salinity from Schmidt et al. (1999). White
symbols are G. ruber (w) core top sites with published δ18Oc in
the open Atlantic. (B)-(D): Comparison between δ18Osw calculated
from regional δ18Osw-S covariation and extracted from gridded map
(LeGrande and Schmidt, 2006) in the north, tropical, and south
Atlantic, respectively. Grey dots are δ18Osw-S data compiled in
(Schmidt et al., 1999), showing regional covariations between δ18Osw
and salinity in upper 200 m seawater. Red symbols are δ18Osw es-
timated using gridded map of LeGrande and Schmidt (2006) versus
annual salinity at 30 m at all the core-top sites in the north, tropical,
and south Atlantic respectively. Solid lines are regression lines for
data from Schmidt et al. (1999). Dashed lines and dash-dot lines
are functional and observation prediction intervals at 95% confi-
dence level, respectively. Different shapes of symbols represent data
sources: circle, this study (Mg/Ca) and Arbuszewski et al. (2010)
(δ18Oc); square, Dekens et al. (2002); diamond, Mathien-Blard and
Bassinot (2009).
erally plot along the 1:1 line, with most TMg and Tiso within a ±2°C range.
In the South Atlantic, G. ruber (w) TMg is on average higher than Tiso. In
the tropical Atlantic, G. ruber (w) TMg is on average lower than Tiso. Similar
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patterns are seen for TMg and Tiso of G. sacculifer (w/o sac) (Figure 3-13B).
The different TMg-Tiso patterns in different latitude ranges might result from
insufficient δ18Osw data coverage in the tropical and South Atlantic. As de-
tailed by Hönisch et al. (2013), the current δ18Osw-S measurements are mostly
clustered in the western tropical and south Atlantic, it is possible that δ18Osw-
S correlation defined in the western Atlantic may not be representative of the
δ18Osw-S correlation at the core-top sites, which causes the offset between Tiso
and TMg. It is argued here that the similar temperature estimates from Mg/Ca
and δ18Oc in the North Atlantic, where the δ18Osw-S correlation is well-defined,
can demonstrate these two proxies are consistent with each other.
Mg/Caxs of both species are compared with salinity in Figure 3-13C, D.
Mg/Caxs of neither species show any correlation with salinity. G. ruber (w)
Mg/Caxs in the North Atlantic varies within ±0.5 mmol/mol range. In re-
sponse to the offsets between TMg and Tiso, G. ruber (w) Mg/Caxs in the
South and tropical Atlantic are biased towards positive and negative values,
respectively. Nevertheless, when data from the entire Atlantic meridional tran-
sect are combined, G. ruber (w) Mg/Caxs is not correlated with salinity. G.
sacculifer (w/o sac) Mg/Caxs does not show a correlation with salinity either.
The lack of correlation between Mg/Caxs and salinity for both G. ruber (w)
and G. sacculifer (w/o sac) discounts a salinity effect on G. ruber (w) and G.
sacculifer (w/o sac) Mg/Ca from the comparison between Mg/Ca and δ18Oc.
This corroborates the conclusion based on the comparison between Mg/Ca and
hydrological temperature as shown in Section 3.5.
3.7 Conclusions
In this chapter, I reevaluate the salinity effects on Mg/Ca in G. ruber (w)
and G. sacculifer (w/o sac) using the Atlantic meridional core-tops. This is
done by comparing Mg/Ca in these species with hydrological temperatures and
with temperatures estimated from δ18Oc. No salinity effect on G. sacculifer
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Figure 3-13: Panel (A) and (B): comparisons between TMg and Tiso
for G. ruber (w) and G. sacculifer (w/o sac), respectively. The er-
ror bars are ±1σ uncertainty generated from Monte-Carlo methods.
The solid lines with gray envelops are 1:1 lines with ±2°C uncer-
tainties, which is roughly ±2σ uncertainty for both temperature
estimates. Panel (C) and (D): comparisons between Mg/Caxs and
salinity for G. ruber (w) and G. sacculifer (w/o sac), respectively.
Red, blue, and green dots represent data from the tropical, South,
and North Atlantic, respectively.
(w/o sac) Mg/Ca is detected from comparisons of Mg/Ca with temperatures
from either hydrological data or from oxygen isotopes. On the other hand,
G. ruber (w) Mg/Ca is observed to be influenced by salinity, based on a com-
parison of Mg/Ca with hydrological data. However, the salinity effect on G.
ruber (w) Mg/Ca derived in this study is much smaller than reported by pre-
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vious core-top studies (Arbuszewski et al., 2010; Mathien-Blard and Bassinot,
2009). When variations of seasonality and calcification depths of G. ruber (w)
are taken into account, a small salinity effect comparable to that observed in
culture experiments can be obtained. Therefore, it is argued here that the long-
standing debate on the salinity effect on planktonic Mg/Ca between core-tops
and culture studies can be reconciled by acknowledging seasonality and calcifi-
cation depths of planktonic foraminifera from varying latitudes. Consequently,
using planktonic Mg/Ca as a proxy for sea surface temperature is negligibly
affected by salinity variations, in the open ocean, on the glacial-interglacial
timescale. At the same time, attention should be paid to temperatures re-
constructed from Mg/Ca, because the reconstructed temperature is associated
with the preferred calcification depths and seasons of the studied foraminiferal
species.
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Chapter 4
Environmental controls on
planktonic B/Ca
4.1 Introduction
Planktonic B/Ca has been regarded as a promising proxy for surface sea-
water carbonate chemistry (Yu et al., 2007b; Allen et al., 2012; Penman et al.,
2014). This is based on pH-dependent boron speciation in seawater and pre-
ferred incorporation of charged boron species, B(OH)−4 , into calcite (Figure
4-1) (Hemming and Hanson, 1992). The effect of carbonate chemistry on
planktonic B/Ca have indeed been observed (Yu et al., 2007b; Foster, 2008;
Allen et al., 2011, 2012). Some recent observations suggested that planktonic
B/Ca might be strongly affected by vital effects (Babila et al., 2014; Salmon
et al., 2016). These vital effects, if valid, could compromise the use of plank-
tonic B/Ca to reconstruct surface seawater carbonate chemistry.
The main objective of this chapter is to investigate environmental con-
trols on B/Ca in planktonic foraminiferal shells using core-top samples from
the Atlantic meridional transect. Previous studies on planktonic foraminiferal
B/Ca are first summarized. Environmental controls on B/Ca in G. ruber (w)
and G. sacculifer (w/o sac) from the Atlantic meridional transect are discussed
subsequently.
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Figure 4-1: Bjerrum plot of carbonate and borate systems, at T
= 25 °C, S = 35. As pKB is close to the average surface seawater
pH, the relative abundances of B(OH)3 and B(OH)
−
4 are sensitive
to carbonate system change. This figure is modified from (Zeebe
and Wolf-Gladrow, 2001).
4.2 Previous work
4.2.1 Carbonate chemistry control
If B(OH)−4 is the only species incorporated into calcite as previously pro-
posed (Hemming and Hanson, 1992; Sanyal et al., 2000; Yu et al., 2007b),
carbonate chemistry would exert a primary control on B/Ca in foraminiferal
calcite. A carbonate chemistry control on planktonic B/Ca has been reported
by both core-top (Yu et al., 2007b; Foster, 2008) and culture studies (Allen
et al., 2011, 2012; Henehan et al., 2015). Positive correlations between B/Ca
and
[B(OH)−4 ]
[HCO−3 ]
have been observed for Globigerina bulloides, Globorotalia in-
flata, and Globigerinoides sacculifer from core-tops (Yu et al., 2007b; Foster,
2008). These core-top studies also found that KD, defined as the ratio of B/Ca
in planktonic foraminiferal shell to
[B(OH)−4 ]
[HCO−3 ]
in seawater (Equation 1.8) is not
constant, but covaries with temperature or [CO2−3 ], hinting at a secondary
control on boron incorporation through KD (Yu et al., 2007b; Foster, 2008).
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In culture studies, positive correlations between B/Ca and
[B(OH)−4 ]
[HCO−3 ]
have also
been observed for Orbulina universa, Globigerinoides ruber (pink and white),
and G. sacculifer (Allen et al., 2011, 2012; Henehan et al., 2015). However,
no temperature effect on planktonic foraminiferal B/Ca was observed in cul-
ture studies, suggesting that the temperature control on B/Ca discovered in
core-top studies possibly resulted from the influence of the hydrological pa-
rameter(s) covarying with temperature (Allen et al., 2011, 2012).
Several questions regarding controlling factors on planktonic B/Ca have
been raised by both core-top and culture studies. Firstly, the sensitivity of
B/Ca to [B(OH)−4 ] was significantly higher when [B(OH)
−
4 ] was raised by in-
creasing total boron concentration in seawater than by adjusting seawater pH
in culture experiments (Allen et al., 2011). The cause for this difference re-
mains unknown, but O. universa δ11B data excluded the possibility of sig-
nificant incorporation of B(OH)3 (Sanyal et al., 2000; Henehan et al., 2016).
Secondly, B/Ca in a few species were correlated with salinity in culture stud-
ies, which still lacks plausible explanations (Allen et al., 2011, 2012). Allen
et al. (2012) tried to explain this salinity effect on B/Ca by investigating the
influence of salinity on equilibrium constants and ion strength, but found these
influences were too small to account for the observed B/Ca variation. Thirdly,
B/Ca were not correlated to
[B(OH)−4 ]
[HCO−3 ]
for G. ruber (w) according to core-top
and sediment trap studies. The variation of G. ruber B/Ca was larger than
predicted from seawater carbonate chemistry (Foster, 2008; Henehan et al.,
2015; Babila et al., 2014). To account for the weak correlations between sea-
water carbonate chemistry and planktonic B/Ca, many studies have invoked
‘vital effects’ on planktonic B/Ca.
4.2.2 Vital effect
Vital effects refer to impacts on B/Ca in shell calcite that are imposed by
physiological activities of foraminifera. Mineralization of foraminiferal CaCO3
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is highly mediated by metabolic processes within foraminifera (e.g., Erez, 2003;
De Nooijer et al., 2014). Nucleation and growth of calcite are regulated by
organic templates formed during calcification. The composition of the calci-
fying fluid is manipulated by foraminifera. The chemical microenvironment
surrounding the organism is affected by calcification and respiration of the
foraminifera itself and photosynthesis of symbiotic organisms. For these three
reasons, foraminiferal B/Ca can deviate from the prediction based on ambi-
ent seawater carbonate chemistry following the proposition of Hemming and
Hanson (1992). Recent studies have focused on two aspects of vital effects:
modification of carbonate chemistry of the microenvironment and calcification
rate of foraminifera.
Modification of microenvironments. In the immediate vicinity of a fora-
miniferal shell, diffusion is the only way for ions to transport (e.g., Zeebe
et al., 1999; Wolf-Gladrow et al., 1999). A chemical gradient develops between
the microenvironment and the ambient seawater, due to the low rate of ion
diffusion and slow equilibrium of calcification, respiration, and photosynthesis
of symbionts. In the microenvironment, calcification and respiration release
CO2 lowering pH, while photosynthesis of symbionts takes up CO2 raising pH.
The relative strengths of these competing processes affect B/Ca in CaCO3 by
regulating pH of the microenvironment, since relative proportions of B(OH)−4
and B(OH)3 are pH dependent, and B(OH)−4 is preferentially incorporated into
calcites.
The influence of the altered microenvironments on planktonic B/Ca has
been supported by intra-shell B/Ca variation of a planktonic foraminiferal
species O. universa (Holland et al., 2017). Because Mg-banding within O.
universa shells reflects diurnal cycles (Eggins et al., 2004; Spero et al., 2015),
the phase relation of B-banding with Mg-banding can be used to determine
the relation of B-banding to the diurnal cycle. Within an O. universa shell,
B-banding tracks Mg-banding, showing high B/Ca within diurnal banding and
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low B/Ca within nocturnal banding (Holland et al., 2017). This is consistent
with the idea that symbiont photosynthesis can increase B/Ca in foraminiferal
shells by raising pH, thus the proportion of boron in the calcifying fluid as
B(OH)−4 .
The influence of the microenvironment chemistry on planktonic B/Ca has
also been inferred from B/Ca in bulk samples. In a sediment trap study,
monthly fluctuations of G. ruber (w) B/Ca were in accord with the daily peak
light intensities (Babila et al., 2014). This correlation was attributed to the in-
fluence of the pH in the microenvironment on planktonic B/Ca. These authors
proposed that pH in the microenvironment was increased by photosynthesis,
in response to increasing light intensity. The physiological activities were also
thought to be responsible for inter-species B/Ca differences (Henehan et al.,
2016). Without photosynthesis raising the microenvironment pH, symbiont-
barren species tend to have lower B/Ca compared to symbiont-bearing species
(Yu et al., 2007b; Henehan et al., 2016).
Calcification rate. It has been demonstrated that the B partition coeffi-
cient can be promoted by high calcification rates, which suggests the incor-
poration of B(OH)3 into calcite (Gabitov et al., 2014; Uchikawa et al., 2015;
Kaczmarek et al., 2016). Several studies suggested that the calcification rate
can influence B/Ca in foraminiferal calcite, based on the correlations between
B/Ca and several indicators of the calcification rate. For example, B/Ca in
several planktonic foraminiferal species from sediment traps are correlated to
shell area density (shell density), which was attributed to a calcification rate
control (Salmon et al., 2016). A calcification rate control has also been in-
ferred from correlations between B/Ca in two symbiont-barren species and
[CO2−3 ], since the calcification rate is thought to increase with increasing am-
bient [CO2−3 ] (Krupinski et al., 2017). Unfortunately, due to the difficulty in
quantifying foraminiferal calcification rates, direct evidence for a calcification
rate control on planktonic foraminiferal B/Ca is still lacking.
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4.3 Materials and methods
4.3.1 Sample preparation and B/Ca measurement
B/Ca were measured in G. ruber (w) and G. sacculifer (w/o sac) from
core-tops from the Atlantic meridional transect. These core-tops cover broad
ranges in latitude (35 °S to 45 °N) and water depth (1.7 km to 5.2 km) (Figure
4-2). G. ruber (w) and G. sacculifer (w/o sac) shells were picked from 57 and
60 core-tops, respectively. For each sample, 50 tests from the 250-355 µm size
fraction were picked. The narrow size fraction range was used to minimize
a potential size effect on B/Ca (Ni et al., 2007). These shells were crushed,
rinsed with Milli-Q water and methanol, and checked under a microscope to
remove foreign particles using a single-haired brush (Yu et al., 2007a). In a
clean lab, G. ruber (w) samples were cleaned with both oxidative and reductive
steps (Boyle and Keigwin, 1985; Barker et al., 2003). All G. sacculifer (w/o
sac) samples were firstly oxidatively cleaned. Fifteen of these samples were
then split into two subsamples, one of which was further reductively cleaned.
B/Ca of the subsamples cleaned with the reductive step are 3% higher than
those cleaned by the oxidative step only (B/Car = 1.034× B/Cao, n=15, r2 =
0.81, intercept forced to zero, Figure 4-3). Such a difference is comparable to
the analytical precision of ∼3% (see the next paragraph), confirming minimal
B/Ca bias introduced by cleaning methods (Yu and Elderfield, 2007). No
correction is thus applied to B/Ca for G. sacculifer (w/o sac) cleaned by
different methods.
B/Ca were measured along with Mg/Ca and other trace element to cal-
cium ratios on a Varian 820 ICP-MS at the Australian National University
(ANU) following the method of Yu et al. (2005). The analytical precision for
B/Ca, based on repeated analyses of an in-house solution standard, is 2.7%
(151.4±4.2 µmol/mol, 2σ). Other ratios including Fe/Ca, Mn/Ca, and Al/Ca
were also measured to monitor potential contaminations from Fe/Mn hydrox-
ide coatings and the effectiveness of clay removal. There are no correlations
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Figure 4-2: A map showing core-tops locations and water depths.
between B/Ca and Fe/Ca, Mn/Ca, or Al/Ca for foraminiferal samples mea-
sured, suggesting a minimal influence of contamination phases on B/Ca results
in this study.
4.3.2 Environmental parameter calculation
To evaluate possible influences from ambient seawater condition on B/Ca
in planktonic foraminiferal shells, environmental parameters for G. ruber (w)
andG. sacculifer (w/o sac) are estimated at their preferred calcification depths,
based on detailed work in Chapter 3. Seasonal temperature, salinity, nutri-
ent concentration data are extracted from the WOA2009 dataset (Locarnini
et al., 2010; Antonov et al., 2010). Seawater total alkalinity (ALK), dissolved
inorganic carbon (DIC), and anthropogenic CO2 are extracted from GLODAP
dataset (Key et al., 2004). DIC is corrected to the preindustrial level by remov-
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Figure 4-3: Effect of cleaning methods on B/Ca. B/Car: G. sac-
culifer (w/o sac) B/Ca of subsamples cleaned with both reductive
and oxidative steps, B/Cao G. sacculifer (w/o sac) B/Ca of sub-
samples cleaned with oxidative step only. The solid black line is
the 1:1 line, and the dashed black lines represent the ±5 µmol/mol
range.
ing the anthropogenic CO2 (Sabine et al., 2004). Total boron concentration
is estimated from salinity based on the relationship from (Lee et al., 2010).
These data are used to calculate [CO2−3 ], [HCO
−
3 ], and [B(OH)
−
4 ], by CO2sys
v2.1 (Lewis et al., 1998), using the same constants as in (Yu and Elderfield,
2007).
4.4 Results
B/Ca in G. ruber (w) and G. sacculifer (w/o sac) along the Atlantic
meridional transect are shown in Figure 4-4. These core-tops are divided into
the tropical, South, and North Atlantic sites, because the average B/Ca differ
in different latitude ranges. The tropical Atlantic sites are between 10°S and
15°N. The North and South Atlantic sites are north of 15°N and south of 10°S,
respectively. The meridional distributions of B/Ca in G. ruber (w) and G.
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sacculifer (w/o sac) are different. G. ruber (w) B/Ca are the highest in the
tropical Atlantic, with the average of 112 ± 6 µmol/mol (n = 27, standard
deviation). G. ruber (w) B/Ca are 107 ± 6 µmol/mol (n = 19) and 95 ±
5 µmol/mol (n = 11) in the North and South Atlantic, respectively. For G.
sacculifer (w/o sac), B/Ca are higher in the North Atlantic, with the average
of 93 ± 6 µmol/mol (n = 21), compared to 84 ± 3 µmol/mol (n = 39) in
the South and the tropical Atlantic. Owing to the difference in the meridional
distributions of B/Ca in both species, the inter-species B/Ca differences are
apparently greater in the tropical Atlantic.
Figure 4-4: Core-top B/Ca data. The magenta circles and the green
squares represent B/Ca in G. ruber (w) and G. sacculifer (w/o
sac), respectively. Errorbars show the 3% relative standard devia-
tion. The dashed lines indicate the latitude boundaries of the North,
tropical, and South Atlantic.
Figure 4-5: Cross plot of G. ruber (w) B/Ca versus Al/Ca and
Mn/Ca. The gray dots are the North and South Atlantic core-tops,
and the red and blue dots are the tropical Atlantic core-tops.
The varying inter-species B/Ca gradients in different latitude ranges are
unexpected. However, it is argued here that this is a robust feature, rather
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than the result of contamination to the G. ruber (w) B/Ca with the apparent
higher values, G. ruber (w) B/Ca in the tropical Atlantic, specifically. First,
it is unreasonable that only G. ruber (w) samples at tropical latitudes were
contaminated during sample preparation, as all the G. ruber (w) samples were
treated together in a random order in the lab. Second, G. ruber (w) sam-
ples were thoroughly cleaned. No correlations are observed between B/Ca and
Al/Ca or Mn/Ca, and average Al/Ca and Mn/Ca of G. ruber (w) from tropi-
cal latitudes are not higher than those from temperate latitudes (Figure 4-5).
Third, new G. ruber (w) B/Ca from this study are comparable to published
results for the Atlantic (Foster, 2008; Henehan et al., 2015). Therefore, con-
tamination to the shells is unlikely a contributor to the higher G. ruber (w)
B/Ca from the tropical Atlantic. Data with high Al/Ca and Mn/Ca are also
included in further discussion.
4.5 Environmental controls on B/Ca in plank-
tonic foraminifera
The potential environmental controls of seawater carbonate chemistry,
salinity, [PO3−4 ], and temperature on B/Ca in G. ruber (w) and G. sacculifer
(w/o sac) are discussed in this section, following the previous core-top and
culture studies (Yu et al., 2007b; Allen et al., 2011, 2012; Henehan et al.,
2015). Owing to the regional differences in B/Ca of both G. ruber (w) and
G. sacculifer (w/o sac), regression analyses are carried out between B/Ca and
environmental parameters with or without including data from the tropical
Atlantic. Correlations between G. ruber (w) and G. sacculifer (w/o sac) B/Ca
with environmental parameters are summarized in Figure 4-6, 4-7, and Table
4.1.
G. ruber (w) B/Ca are not correlated to
[B(OH)−4 ]
[HCO−3 ]
, [CO2−3 ], pH, salinity
or [PO3−4 ], but are correlated to temperature (Figure 4-6, and Table 4.1).
When tropical G. ruber (w) B/Ca are excluded, the correlations of B/Ca with
68
SECTION 4.5 CHAPTER 4. PLANKTONIC B/CA
[B(OH)−4 ]
[HCO−3 ]
, [CO2−3 ], salinity, and [PO
3−
4 ] become significant. The tropical G.
ruber (w) B/Ca are above the regression lines defined by G. ruber (w) B/Ca
at temperate latitudes, while ranges of the environmental parameters in the
tropical Atlantic are within those in the temperate Atlantic. It seems that
G. ruber (w) B/Ca in the tropical Atlantic are further influenced by another
process, which will be discussed later in this chapter (Section 4.6). For now,
they are excluded from the discussion about environmental controls on B/Ca
mentioned by previous studies.
G. sacculifer (w/o sac) B/Ca are significantly correlated to
[B(OH)−4 ]
[HCO−3 ]
,
[CO2−3 ], [PO
3−
4 ], and salinity, but not with pH or temperature (Figure 4-7,
Table 4.1). Including data from the tropical Atlantic or not, the significance
of the correlations is similar. The sensitivities of G. sacculifer (w/o sac) B/Ca
to
[B(OH)−4 ]
[HCO−3 ]
, [CO2−3 ], [PO
3−
4 ], and salinity are also similar with or without
including data from tropical latitudes.
Figure 4-6: G. ruber (w) B/Ca compared with surface seawater
environmental parameters. Red and blue squares are data from
the temperate and tropical Atlantic, respectively. The red lines
show the regression results from the temperate Atlantic, when the
correlations are significant (p < 0.05).
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Figure 4-7: G. sacculifer (w/o sac) B/Ca compared with surface
seawater environmental parameters. Red and blue squares are data
from the temperate and tropical Atlantic, respectively. The red
lines show the regression results from the temperate Atlantic, while
the black lines are the regression results for all data. The regression
line is shown if the correlation is significant (p < 0.05).
[B(OH)−4 ]
[HCO−3 ]
[CO2−3 ] pH S [PO
3−
4 ] T
G. ruber (w)
All
r2 0.06 0.06 0.09 0.00 0.01 0.23
p 0.064 0.069 0.02 0.886 0.391 <0.001
N & S Atl
r2 0.40 0.37 0.03 0.33 0.27 0.24
p <0.001 <0.001 0.31 0.001 0.003 0.006
G. sacculifer (w/o sac)
All
r2 0.23 0.24 0.12 0.41 0.36 0.03
p <0.001 <0.001 0.006 <0.001 <0.001 0.169
N & S Atl
r2 0.26 0.27 0.00 0.33 0.46 0.27
p 0.002 0.002 0.867 <0.001 <0.001 0.002
Table 4.1: Summary of regression analyses of G. ruber (w) and G.
sacculifer (w/o sac) B/Ca with various environmental parameters.
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4.5.1 Effects of dissolution correction
As described in Chapter 2, B/Ca in both G. ruber (w) and G. sacculifer
(w/o sac) are susceptible to post-depositional dissolution. Dissolution correc-
tions are applied to B/Ca to test whether dissolution correction could affect
the correlations between B/Ca and environmental parameters. As discussed
in Chapter 2, based on data from depth transects, the dissolution sensitivities
of B/Ca to Δ[CO2−3 ] are 0.67 ± 0.22 and 0.59 ± 0.13 µmol/mol per µmol/kg
for G. ruber (w) and G. sacculifer (w/o sac), respectively. However, due to
the lack of dissolution-free samples, the threshold Δ[CO2−3 ] of the dissolution
effect on B/Ca is not well constrained. It is thus difficult to correct for the dis-
solution effect directly. Although B/Ca declines are accompanied by a decline
in Mg/Ca at different depth transects, the threshold Δ[CO2−3 ] for dissolution
effects on B/Ca is not necessarily the same as that for Mg/Ca, because high
Mg/Ca phases in the foraminiferal shell is not associated with high-B phases
(Branson et al., 2015). In fact, some observation suggests Mg/Ca and B/Ca are
anti-phased within the shell of a planktonic foraminiferal species O. universa
(Holland et al., 2017).
As the correlations between B/Ca and environmental parameters are rel-
atively weak, and the root-mean-square errors (RMSEs) of the correlations
are large, it is suspected that dissolution may not be able to notably improve
the correlations between B/Ca and environmental parameters. To test the
influence of dissolution correction on the interpretation of the environmental
controls on B/Ca, sensitivity tests using a series ofΔ[CO2−3 ] thresholds are car-
ried out. The effectiveness of dissolution correction is assessed by comparing
sensitivities of B/Ca to environmental parameters and r2 of the correlations
with or without employing the correction.
Sensitivities of B/Ca to environmental parameters and r2 are summarized
in Table 4.2. Sensitivities of B/Ca to environmental parameters are not sig-
nificantly changed by the dissolution correction for both species in most cases.
r2 values of B/Ca in neither G. ruber (w) nor G. sacculifer (w/o sac) with
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any environmental parameters is significantly improved when the dissolution
correction is included. Based on these two observations, applying dissolu-
tion correction will not change the conclusions based on uncorrected B/Ca.
Although dissolution effect on B/Ca is clear for data from depth transects
(Chapter 2), it appears that invoking the dissolution correction does not help
better constrain environmental controls on planktonic B/Ca in the core-top
data. This may be because, in a core-top set, dissolution on the seafloor only
plays a minor role in contributing to the variability of B/Ca compared to pa-
rameters of the living environment. Therefore, dissolution corrections to B/Ca
are not invoked in the further investigation of the environmental controls on
B/Ca.
G. ruber (w) (N & S Atl)
threshold Δ[CO2−3 ]
[B(OH)−4 ]
[HCO−3 ]
[CO2−3 ] [PO
3−
4 ] S
r2 sens.a r2 sens.b r2 sens.c r2 sens.d
Uncorrected 0.40 928 0.37 0.24 0.27 -34.5 0.34 9.2
10 µmol/kg 0.39 881 0.35 0.22 0.31 -35.4 0.32 8.5
21.3 µmol/kg 0.34 857 0.34 0.22 0.14 -22.5 0.24 7.8
30 µmol/kg 0.34 868 0.34 0.23 0.14 -14 0.24 7.8
G. sacculifer (w/o sac) (all)
threshold Δ[CO2−3 ]
[B(OH)−4 ]
[HCO−3 ]
[CO2−3 ] [PO
3−
4 ] S
r2 sens.a r2 sens.b r2 sens.c r2 sens.d
Uncorrected 0.23 574 0.24 0.16 0.36 -20.3 0.41 8.8
10 µmol/kg 0.21 599 0.22 0.17 0.34 -21.4 0.37 9.0
21.3 µmol/kg 0.19 544 0.19 0.15 0.25 -17.4 0.25 7.2
30 µmol/kg 0.15 536 0.16 0.15 0.16 -15.8 0.20 7.3
a: unit µmol/mol, b: unit µmol/mol per µmol/kg, c: unit µmol/mol per
µmol/kg, d: unit µmol/mol per .
Table 4.2: Effect of dissolution correction on correlations between
B/Ca and environmental parameters.
4.5.2 Carbonate chemistry parameters
B/Ca in G. ruber (w) and G. sacculifer (w/o sac) are significantly cor-
related to
[B(OH)−4 ]
[HCO−3 ]
and [CO2−3 ], but not pH (Figure 4-6, 4-7, and Table 4.1).
This is coherent with carbonate chemistry controls on B/Ca in G. ruber and G.
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sacculifer observed in culture experiments (Allen et al., 2012; Henehan et al.,
2015).
[B(OH)−4 ]
[HCO−3 ]
.
[B(OH)−4 ]
[HCO−3 ]
has a significant correlation with B/Ca in both G. ruber
(w) and G. sacculifer (w/o sac) (Figure 4-6, 4-7, and Table 4.1). This is con-
sistent with the idea that B(OH)−4 , the charged boron species, is the primary
boron species incorporated into foraminiferal calcite (Hemming and Hanson,
1992; Yu et al., 2007b). The sensitivities of B/Ca in G. ruber (w) and G.
sacculifer (w/o sac) to
[B(OH)−4 ]
[HCO−3 ]
derived from the core-tops in this study are
similar to those observed in culture studies (Figure 4-8) (Allen et al., 2012;
Henehan et al., 2015). Owing to the large size of the core-top dataset, the
95% confidence interval of the core-top regression is much smaller than that of
the culture regression. The 95% prediction interval of the core-top regression
is comparable to the 95% confidence interval of the culture regression (Figure
4-8A). With the narrower 95% confidence interval of the core-top calibration,
the predictability of the average B/Ca at given
[B(OH)−4 ]
[HCO−3 ]
is improved, based on
the new core-top data.
The correlation between B/Ca and
[B(OH)−4 ]
[HCO−3 ]
is absent in another previous
core-top study for G. ruber (w) of mixed morphologies (Henehan et al., 2015).
This might be the result of combiningG. ruber (w) sensu stricto and sensu lato,
which have different habitat depths and temperature preferences (Wang, 2000;
Sadekov et al., 2008). If only G. ruber (w, sensu stricto) from the dataset in
(Henehan et al., 2015) are used, a ‘small but statistically significant’ carbonate
chemistry control could be detected (Henehan et al., 2015). It is also noted
that G. ruber (w) B/Ca reported in (Henehan et al., 2015) from marginal seas
are ∼30 µmol/mol higher than the maximum value from this study, while the
carbonate chemistry parameters from those sites in (Henehan et al., 2015) are
within the ranges of this study. It is speculated here that the absence of the
correlation between G. ruber (w) B/Ca and carbonate chemistry parameters
in (Henehan et al., 2015) might also be the result of another influence on B/Ca
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at some sites. This is in analogy with the lack of a correlation between G. ruber
(w) B/Ca and carbonate chemistry parameter for all core-tops in this study,
which would be discussed in a separate section (Section 4.6).
Figure 4-8: Sensitivities of B/Ca in G. ruber (w) and G. sacculifer
(w/o sac) to
[B(OH)−4 ]
[HCO−3 ]
from core-top and culture studies. Green
and magenta circles are core-top data in this study (all data for G.
sacculifer (w/o sac) and temperate latitude data for G. ruber (w)).
Green and magenta lines with shades in both panels are regression
lines with 95% confidence intervals of core-top data. Broken curves
are 95% prediction interval of core-top data. The black lines are the
regression lines from culture studies, which are shifted downwards
to coincide with B/Ca in this study (Allen et al., 2012; Henehan
et al., 2015). The gray shading in Panel (A) is the 95% confidence
intervals for culture data. No confidence band is shown in Panel
(B) for culture data, because the regression line is defined by 3 data
points.
Despite the significant correlations of G. sacculifer (w/o sac) and G. ru-
ber (w) B/Ca with
[B(OH)−4 ]
[HCO−3 ]
, the large prediction bands of the regressions
may impair the use of planktonic B/Ca as a means for reconstructing seawa-
ter
[B(OH)−4 ]
[HCO−3 ]
. These large prediction bands can be attributed to the variable
calcification conditions within the Atlantic transect in this study. As will be
discussed in Section 4.6.2 and reported in other studies (Salmon et al., 2016),
planktonic B/Ca could be largely affected by calcification rate. It has been
suggested that the calcification rate is related to the conditions of the ecolog-
ical niche rather than any single environmental parameter on a global basis
(De Villiers, 2004). Therefore, calcification rates of foraminifera across a large
latitude range may not be reflected by environmental parameters. The offset
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of B/Ca at any particular site from the regression line is the result of site-
specific calcification conditions. When a large number of sites from across
the Atlantic are combined, the discrepancy of the calcification conditions is
canceled out, and the sensitivity of planktonic B/Ca to
[B(OH)−4 ]
[HCO−3 ]
generated by
the core-top data is similar to that derived from the culture studies where the
living environment of foraminifera is less variable.
[CO2−3 ]. The correlations of G. ruber (w) and G. sacculifer (w/o sac) B/Ca
with [CO2−3 ] are also significant (Figure 4-6, 4-7, and Table 4.1). Instead
of
[B(OH)−4 ]
[HCO−3 ]
, [CO2−3 ] has been recognized as the primary carbonate chem-
istry control on B/Ca in two symbiont-barren planktonic foraminiferal species,
Neogloboquadrina incompta and Globigerina bulloides (Krupinski et al., 2017).
These authors attributed the correlation between B/Ca and [CO2−3 ] to the
influence of calcification rate, based on the higher r2 of B/Ca with [CO2−3 ]
compared to B/Ca with
[B(OH)−4 ]
[HCO−3 ]
. However, a similar conclusion that the cor-
relation between B/Ca and [CO2−3 ] originated from calcification rate control
cannot be drawn based on data in this study.
[B(OH)−4 ]
[HCO−3 ]
and [CO2−3 ] are highly
correlated in this study, and correlations of B/Ca with [CO2−3 ] and
[B(OH)−4 ]
[HCO−3 ]
are of comparable significance (Figure 4-6, 4-7, and Table 4.1). It is not pos-
sible to argue for a major [CO2−3 ] control on B/Ca based on the difference in
r2 of correlations.
pH. Similar to other core-top studies (Yu et al., 2007b; Foster, 2008; Henehan
et al., 2015; Krupinski et al., 2017), correlations between planktonic B/Ca and
pH are less significant than correlations between planktonic B/Ca and other
carbonate chemistry parameters (Figure 4-6F, 4-7F, and Table 4.1). This
discounts the direct influence of pH on planktonic foraminiferal B/Ca. The lack
of a correlation between B/Ca and pH is expected, as the relation between pH
and
[B(OH)−4 ]
[HCO−3 ]
is not straightforward. To derive pH from
[B(OH)−4 ]
[HCO−3 ]
, ALK or DIC
are needed. Although planktonic B/Ca is influenced by seawater carbonate
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chemistry, this influence is not directly reflected by pH.
In summary, B/Ca in G. ruber (w) and G. sacculifer (w/o sac) from core-
tops lend support to the idea that carbonate chemistry exerts the primary
control over B/Ca in planktonic foraminifera. The scatter of B/Ca, on the
other hand, may be attributed to variable calcification conditions at different
sites. Such a scatter of B/Ca in these two symbiont-bearing species makes it
difficult to employ B/Ca in symbiont-bearing planktonic foraminiferal species
to reconstruct carbonate chemistry on the glacial-interglacial timescale. For
example, the LGM-Holocene B/Ca difference in G. ruber (w) is ∼15 µmol/mol
in a core from the Caribbean Sea (Foster, 2008). This difference is within the
95% prediction interval. Nevertheless, B/Ca in symbiont-bearing planktonic
foraminiferal species still holds the promise of reconstructing the past carbon-
ate system chemistry with a larger amplitude for time intervals such as PETM
(Penman et al., 2014; Babila et al., 2016).
4.5.3 Salinity
B/Ca in G. ruber (w) and G. sacculifer (w/o sac) are significantly cor-
related with salinity (Figure 4-6D, 4-7D, and Table 4.1). Similar salinity de-
pendencies of planktonic B/Ca have also been observed in other core-top and
culture studies (Allen et al., 2012; Henehan et al., 2015; Krupinski et al., 2017).
However, as salinity is correlated with many other environmental parameters,
including carbonate chemistry parameters (e.g., r2 = 0.59 for salinity and
[B(OH)−4 ]
[HCO−3 ]
), it follows that the correlation might be an artifact of the carbonate
chemistry control on planktonic B/Ca. In order to isolate the salinity effect
on B/Ca, the B/Ca component without the influence of carbonate chemistry,
residual B/Ca, is calculated following the method of (Henehan et al., 2015), by
normalizing measured B/Ca to the same
[B(OH)−4 ]
[HCO−3 ]
employing the correlation
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between B/Ca and
[B(OH)−4 ]
[HCO−3 ]
derived in the current study:
B/Caresidual = B/Cameasured−
( [B(OH)−4 ]
[HCO−3 ] in situ
− [B(OH)
−
4 ]
[HCO−3 ] ref
)
×k, (4.1)
where
[B(OH)−4 ]
[HCO−3 ] ref
is at a constant reference value of 0.04 and k is the sensitivity
of B/Ca to
[B(OH)−4 ]
[HCO−3 ]
derived in this study.
Figure 4-9: B/Ca and residual B/Ca compared to salinity (A):
G. sacculifer (w/o sac), (B): G. ruber (w). The filled circles are
measured B/Ca, and the and empty circles are residual B/Ca with
the carbonate chemistry contribution removed. Regression lines are
shown when the correlations are significant (p<0.05).
Salinity effects on B/Ca in G. sacculifer (w/o sac) and G. ruber (w) in
this study are substantially reduced when the contribution of the carbonate
chemistry is removed. For G. sacculifer (w/o sac), the sensitivity of B/Ca
to salinity is 8.8 µmol/mol per salinity unit, while the sensitivity of residual
B/Ca is 3.7 µmol/mol per salinity unit. The correlation between G. sacculifer
(w/o sac) residual B/Ca and salinity is still significant (p = 0.02) (Figure 4-
9). For G. ruber (w), the salinity effect of B/Ca is 9.2 µmol/mol per salinity
unit, and there is no significant correlation between residual B/Ca and salinity
(p = 0.49) (Figure 4-9). These results are in contrast to those from culture
studies, where the variation of carbonate chemistry (
[B(OH)−4 ]
[HCO−3 ]
) associated with
salinity could only account for ∼20% of salinity effects on B/Ca (Allen et al.,
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2012). The salinity effect observed in culturing experiments (Allen et al., 2012)
may be related to the effect of total boron concentration ([B]sw) on B/Ca
observed in culturing experiments (Allen et al., 2011). As observed by these
authors, the sensitivity of O. universa B/Ca to
[B(OH)−4 ]
[HCO−3 ]
was nine times higher
when [B(OH)−4 ] was elevated by increasing [B]sw than that when [B(OH)
−
4 ] was
elevated by increasing pH in culture experiments (Allen et al., 2011). When
the salinity was changed in culture experiments, [B]sw was implicitly changed
simultaneously, exerting an influence on B/Ca. Among the core-tops, the [B]sw
variability associated with salinity (∼250 µmol/kg) was less than half of that
in culture experiments (∼600 µmol/kg) (Allen et al., 2011). The different [B]sw
change among core-tops compared to that in culturing experiments may be the
reason why a larger proportion of the salinity effect on B/Ca can be explained
by covariation of salinity and carbonate chemistry parameters in the current
core-top study.
In conclusion, the salinity effect on planktonic B/Ca is the result of covari-
ation of salinity with other environmental parameters, specifically carbonate
chemistry parameters in the current core-top study.
4.5.4 Phosphate
B/Ca in both G. ruber (w) and G. sacculifer (w/o sac) are negatively cor-
related with [PO3−4 ] in this study (Figure 4-6E, 4-7E, and Table 4.1), in con-
trast to the positive correlation of G. ruber (w) B/Ca with [PO3−4 ] reported
in (Henehan et al., 2015). Henehan et al. (2015) propose that the correla-
tion between G. ruber (w) B/Ca and [PO3−4 ] may originate from the effect of
[PO3−4 ] on the calcification rate or crystallographic processes. The reason for
an opposite direction of the correlations in this study from that in (Henehan
et al., 2015) is elusive. Nevertheless, this discrepancy at least suggests that the
effect of [PO3−4 ] on planktonic B/Ca may not be straightforwardly represented
by the correlations between B/Ca and [PO3−4 ].
78
SECTION 4.6 CHAPTER 4. PLANKTONIC B/CA
4.5.5 Temperature
G. ruber (w) B/Ca is positively correlated with temperature, while G. sac-
culifer (w/o sac) B/Ca is not (Figure 4-6, 4-7, and Table 4.1). The potential
influence of temperature on planktonic B/Ca is explored here by comparing
B/Ca directly with temperature. KD, which was employed in some earlier
investigations (Wara et al., 2003; Yu et al., 2007b; Foster, 2008), is not con-
sidered, since it may be confounded by the correlation of temperature with
carbonate chemistry parameters (Allen and Hönisch, 2012).
In comparison to the results in this study, no temperature effect on B/Ca
was observed forG. sacculifer (w/o sac) orG. ruber (p) previously (Allen et al.,
2012). If there is no temperature effect on planktonic B/Ca as suggested by a
culture study (Allen et al., 2012), the correlation between G. ruber (w) B/Ca
and temperature must be originated from the covariation of temperature with
another parameter or process that can influence G. ruber (w) B/Ca.
4.6 Elevated G. ruber (w) B/Ca in the tropical
Atlantic
4.6.1 Light intensity
The elevated G. ruber (w) B/Ca in the tropical Atlantic could originate
from environmental parameters not investigated in the previous section but
capable of affecting planktonic B/Ca. One parameter is light intensity. It
has been reported by a sediment trap study that monthly G. ruber (w) B/Ca
fluctuated with a magnitude of ∼30 µmol/mol, larger than expected from car-
bonate chemistry variation (Babila et al., 2014). These changes in G. ruber
(w) B/Ca covaried with the monthly peak light intensity, supporting an influ-
ence of varying photosynthesis strength associated with the peak light intensity
on B/Ca (Babila et al., 2014). Indeed, the chemical composition of the mi-
croenvironment is mediated by light availability (Jorgensen et al., 1985; Rink
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et al., 1998; Wolf-Gladrow et al., 1999). As the seawater light intensity varies
meridionally, vertically, and seasonally, it is possible that light intensities of
the calcifying environments could result in variations in B/Ca of G. ruber (w)
and G. sacculifer (w/o sac) which have different calcification depths and sea-
sonality at different latitudes. Here, light intensity in seawater is assessed to
evaluate its potential influence on planktonic B/Ca.
Zonal average light intensities of the upper 100 m seawater in the At-
lantic are estimated using satellite data for the boreal summer, the austral
summer, and annual mean. The light intensity is calculated by the daily mean
photosynthetically available radiation (PAR) and diffusive attenuation coef-
ficient for downwelling irradiance at 490 nm (Kd_490) using the Giovanni
database (https://giovanni.gsfc.nasa.gov/) (Figure 4-10). The light intensities
calculated from satellite observation are on a different timescale from the lab
observation and the previous sediment trap study. The satellite-based data
are daily average, and thus in the unit of mol m−2 d−1. The light intensities
in lab observations and sediment trap studies are both instant values (Jor-
gensen et al., 1985; Rink et al., 1998; Babila et al., 2014), and are in the unit
of µmol m−2 s−1. The daylight hour is assumed to be 12 h at all latitudes, to
bring the units of light intensities together. Two caveats are that there are con-
siderable daily fluctuations in light intensity, and that the daylight hours vary
at different latitudes. Nevertheless, with these caveats, the satellite-observed
daily average values can help illustrate the meridional light intensity variation,
which can ultimately evaluate strengths of vital activities in response to light
intensities at varying latitudes.
To date, saturation and compensation light intensities are only directly
measured for two symbiotic planktonic foraminiferal species: G. sacculifer
(Jorgensen et al., 1985) and O. universa (Rink et al., 1998). The light sat-
uration intensity and compensation light intensity of G. sacculifer is 160-170
µmol m−2 s−1 and 26-30 µmol m−2 s−1, respectively (Jorgensen et al., 1985).
These data are used to approximate the compensation light intensity of the
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Figure 4-10: Zonal averaged light intensity of the Atlantic in the
upper 100 m: (A) Annual mean, (B) boreal summer, (C) austral
summer. Unit of light intensity is mol m−2 d−1. The thick dashed
white lines show the boundaries of the north, tropical, and south
Atlantic.
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two species studied in this study, with the caveat that the strengths of light
absorption could be different between G. ruber (w) and G. sacculifer (w/o
sac) (Hemleben et al., 1989).
At temperate latitudes, both G. ruber (w) and G. sacculifer (w/o sac)
prefer shallower calcification depths during summer (e.g., Jonkers and Kučera,
2017, and Chapter 3 in this study). The daily average light intensities at 30
m during summer are 15-25 mol m−2 d−1 in the North Atlantic and 20-30
mol m−2 d−1 in the South Atlantic, equivalent to 350-580 µmol m−2 s−1 and
460-690 µmol m−2 s−1, respectively. These daily average light intensities are
twice of the light saturation intensity, indicating that the light intensity is high
enough to sustain photosynthesis close to the saturation level during the most
of the daytime.
At tropical latitudes, both G. ruber (w) and G. sacculifer (w/o sac) cal-
cify deeper than at temperate latitudes, and do not show obvious seasonal
preferences. The annual mean light intensities at 50 m in the tropical Atlantic
are lower than 5-10 mol m−2 d−1, equivalent to 120-230 µmol m−2 s−1. The
daily average light intensity is comparable to the light saturation intensity, sug-
gesting a lower level of photosynthetic activities compared to the temperate
Atlantic.
pH in the microenvironment of symbiotic foraminifera could be raised by
photosynthesis (e.g., Wolf-Gladrow et al., 1999; Zeebe et al., 1999). Therefore,
a higher light intensity and an associated stronger photosynthetic activity,
raises pH in the microenvironment, which would lead to higher B/Ca as ob-
served by a sediment trap study (Babila et al., 2014). It follows that B/Ca
at tropical latitudes, where the average light intensity of the calcification mi-
croenvironment is lower, are expected to be lower. This is consistent with the
relatively lower G. sacculifer (w/o sac) B/Ca at tropical latitudes, but not
with the relatively higher G. ruber (w) B/Ca at tropical latitudes. Therefore,
it seems unlikely that elevated G. ruber (w) B/Ca in the tropical Atlantic is
caused by light intensities.
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4.6.2 Calcification rate
Another possible cause of the elevated G. ruber (w) B/Ca in the tropical
Atlantic is that B/Ca is affected by a process that cannot be directly connected
to a certain environmental parameter, such as calcification. The calcification
rate can influence planktonic foraminiferal B/Ca, which is inferred from the
correlations between B/Ca and calcification rate indicators, e.g., test size (Ni
et al., 2007), test area density (Salmon et al., 2016), and [CO2−3 ] (Krupinski
et al., 2017). An ideal calcification rate indicator could alternatively be a
shell chemistry property internally determined by calcification, as an ‘internal
standard’ for calcification rate. Two candidates are Sr/Ca and calcium isotopes
(e.g., Tang et al., 2008).
Here, Sr/Ca is employed as a calcification rate indicator to investigate the
influence of the calcification rate on planktonic B/Ca, as it is often measured
along with other trace element to calcium ratios. A calcification rate control on
Sr/Ca has been well established by inorganic calcite precipitation experiments
(Lorens, 1981; Tesoriero and Pankow, 1996; Tang et al., 2008). A control
on Sr/Ca in biological calcite has also been inferred for coccolithophores (Stoll
et al., 2002; Rickaby et al., 2002) and foraminifera (Lea et al., 1999; Erez, 2003;
Russell et al., 2004; Kısakurek et al., 2008; Kısakürek et al., 2011; Dueñas-
Bohórquez et al., 2009; Holland et al., 2017). More relevant to this study,
Sr/Ca in G. ruber (Kısakurek et al., 2008) and G. sacculifer (Erez, 2003;
Dueñas-Bohórquez et al., 2009) have both been observed to be correlated to
the calcification rate. Besides, Sr/Ca of G. ruber (w) and G. sacculifer (w/o
sac) are comparable, as the interspecies difference of Sr uptake by these two
species is minimal as shown in various culture experiments (as summarized in
Allen et al., 2016).
When B/Ca and Sr/Ca in both G. ruber (w) and G. sacculifer (w/o sac)
are plotted together, there is a strong covariation between these two ratios
(r2 = 0.68,N = 117, p < 0.001, Figure 4-11A). The covariation between B/Ca
and Sr/Ca in G. ruber (w) is weaker, but still significant (r2 = 0.28, N = 57,
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p < 0.001). Average B/Ca and Sr/Ca in G. ruber (w) from the tropical and
temperate Atlantic coincide with the trend defined by data of both species. G.
ruber (w) Sr/Ca is 0.02 ± 0.03 mmol/mol higher in the tropical Atlantic than
in the temperate Atlantic, corresponding to the 9 ± 10 µmol/mol increase in
B/Ca. If Sr/Ca reflect calcification rates of these two species, the covariation
of B/Ca and Sr/Ca suggest a calcification rate control on B/Ca. The different
calcification rates of these two species can account for the inter-species B/Ca
difference. The more elevated B/Ca in G. ruber (w) than in G. sacculifer
(w/o sac) is accompanied by the higher calcification rate of G. ruber (w), as
indicated by Sr/Ca. The regional Sr/Ca and B/Ca gradients of G. ruber (w)
also coincides with the trend defined by data of both species, suggesting that
the overall higher growth rate is responsible for the higher B/Ca ofG. ruber (w)
at tropical latitudes. When residual B/Ca is derived by normalizing
[B(OH)−4 ]
[HCO−3 ]
to the same value (Equation 4.1), the correlation between residual B/Ca and
Sr/Ca is still significant (Figure 4-11B). Such a strong correlation suggests
that the influence of calcification rate on planktonic B/Ca is independent of
the carbonate chemistry control.
While some studies have suggested a possible influence of calcification
rate on planktonic B/Ca (Salmon et al., 2016; Krupinski et al., 2017), direct
measurements of calcification rate of planktonic foraminifera do not seem to
support such an influence. In an inorganic calcite precipitation experiment,
calcification rates promote boron incorporation into inorganic calcite above a
threshold calcification rate (Uchikawa et al., 2015). Many studies attempted to
compare the measured calcification rates with the threshold calcification rate
in the inorganic calcite precipitation experiment (Uchikawa et al., 2015), to
test the influence of the calcification rate on B/Ca (Allen et al., 2016; Holland
et al., 2017; Haynes et al., 2017). To date, these measured calcification rates
fall 1 to 2 orders smaller than the threshold calcification rate (Allen et al.,
2016; Holland et al., 2017; Haynes et al., 2017), indicating no calcification rate
control. Nevertheless, the calcification rate of foraminifera varies dramatically
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Figure 4-11: Comparisons between (A) B/Ca and Sr/Ca, (B) resid-
ual B/Ca and Sr/Ca. Magenta and green circles are data of G. ru-
ber (w) and G. sacculifer (w/o sac), respectively. In Panel (A) the
bold magenta and green crosses demonstrate the average B/Ca and
Sr/Ca with 1σ ranges for G. ruber (w) and G. sacculifer (w/o sac),
respectively. The thin crosses show the average B/Ca and Sr/Ca
with 1σ ranges for G. ruber (w) in the tropical and the temperate
Atlantic.
during their life cycles, as suggested by the intra-shell heterogeneity of trace
elements (e.g., Eggins et al., 2004; Spero et al., 2015). It is argued that the
instantaneous calcification rate can be high enough to initiate the calcification
rate control on boron incorporation and thus to exert an influence on B/Ca of
the bulk shell, although the average calcification rate is below the threshold
value. The calcification rates corresponding to the apparent boron partition
coefficients of G. ruber (w) and G. sacculifer (w/o sac) B/Ca as calculated
in Uchikawa et al. (2015) lie within the regime where calcification rate pro-
motes boron incorporation (Figure 4-12). Should B(OH)3 be incorporated into
planktonic foraminiferal calcite at high calcification rates in a similar way to
inorganic calcite, the calcification rate would have the potential to exert a con-
trol on planktonic B/Ca. As a result, the imprints of environmental controls
on planktonic B/Ca can be overwhelmed by the influence of the calcification
rate, as seen for G. ruber (w) B/Ca from the tropical Atlantic.
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Figure 4-12: Partition coefficients of B/Ca in G. ruber (w) and
G. sacculifer (w/o sac) from core-tops in comparison to inorganic
calcite. Gray circles are inorganic calcite data (Uchikawa et al.,
2015), and the black curve is the regression line. The magenta and
green bars indicate the ranges of partition coefficients calculated
from core-top G. ruber (w) and G. sacculifer (w/o sac) B/Ca, re-
spectively.
4.7 Conclusions
In this chapter, environmental controls on B/Ca in two symbiont-bearing
planktonic foraminiferal species G. ruber (w) and G. sacculifer (w/o sac) are
examined using core-tops from the meridional Atlantic transect. With similar
ranges of environmental parameters, G. ruber (w) B/Ca at tropical latitudes
are higher than those from temperate latitudes. This is attributed to the
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relatively greater calcification rates of G. ruber (w) from tropical latitudes as
indicated by shell Sr/Ca. G. ruber (w) B/Ca affected by calcification rate
to a lesser degree and G. sacculifer (w/o sac) B/Ca show similar correlations
with carbonate chemistry parameters to those observed in culture studies,
confirming seawater carbonate chemistry as an important controlling factor on
planktonic B/Ca. The meridional variations of B/Ca in these two planktonic
species from the core-tops are likely resulted from the competing influences of
the calcification rate and seawater carbonate chemistry. The calcification rate
control on planktonic B/Ca would complicate a direct link between planktonic
B/Ca and seawater carbonate chemistry. Nevertheless, according to different
B/Ca responses of G. ruber (w) and G. sacculifer (w/o sac) to calcification
rate, should B/Ca in some planktonic species be less susceptible to growth rate
changes, B/Ca could be employed for carbonate chemistry reconstructions.
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Chapter 5
[CO2−3 ]: A Key Parameter to
Deep Water Carbonate Chemistry
5.1 Introduction
Deep-water [CO2−3 ] is directly linked to the amount of carbon stored in
the deep ocean reservoir. Processes capable of affecting the deep ocean carbon
reservoir include invasion and release of CO2, dissolution and preservation of
CaCO3, remineralization and formation of organic matters, and water mass
mixing. All these processes leave imprints on deep-water [CO2−3 ]. In the
carbonate chemistry system, [CO2−3 ] is determined by DIC and ALK at a given
temperature, salinity, and pressure (Figure 5-1), and can be approximated by
the difference between ALK and DIC (Broecker et al., 1982):
[CO2−3 ] ∼= ALK −DIC. (5.1)
The influences of temperature, salinity, and pressure on deepwater [CO2−3 ]
are negligible (Broecker et al., 1982). Equation (5.1) ignores contribution of
dissolved [CO2] and carbonic acid to DIC and approximates the carbonate
alkalinity as the total alkalinity (Broecker et al., 1982).
Equation (5.1) can help qualify [CO2−3 ] change induced by different pro-
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cesses affecting the deep ocean carbon reservoir. Preservation and dissolution
of CaCO3 changes ALK and DIC at a ratio of 2:1:
Ca2+ + 2HCO−3
preservation−−−−−−−⇀↽ −
dissolution
CaCO3 +H2O + CO2. (5.2)
Therefore, preservation of CaCO3 decreases [CO2−3 ] and dissolution increases
[CO2−3 ] (Figure 5-1). Invasion and release of CO2 only involves changes in
DIC, and thus decreases and increases [CO2−3 ], respectively. The chemical
composition of organic matters in the ocean has a near-constant ratio of three
major nutrient elements: C, N, and P, which is known as the Redfield ratio
(Redfield, 1934). Although it is later found that this ratio is not constant in
different oceans (e. g., Teng et al., 2014), the classic Redfield ratio can help
exemplify formation and remineralization of organic matters. Formation and
remineralization of organic matters removes and releases CO2, respectively,
involving minor changes in ALK:
106CO2 + 16NO
−
3 +HPO
2−
4 + 122H2O + 18H
+ formation−−−−−−−−−−⇀↽ −
remineralization
(CH2O)106(NH3)16H3PO4 + 138O2.
(5.3)
Therefore, the influence of formation of organic matters on [CO2−3 ] is similar
to that of CO2 release, while the influence of remineralization of organic mat-
ters on [CO2−3 ] is similar to that of CO2 invasion (Figure 5-1). Because it is
difficult to quantify ALK and DIC directly, a lot of work has been devoted
to reconstruct [CO2−3 ] to infer changes of ALK and DIC (e. g., Arrhenius,
1952; Howard and Prell, 1994; Hodell et al., 2001; Anderson and Archer, 2002;
Marchitto et al., 2005; Yu and Elderfield, 2007). A lot of our knowledge about
past changes of seawater carbonate chemistry relies on Equation 5.1.
Useful as it is to help understand the variability of seawater [CO2−3 ], Equa-
tion 5.1 falls short of quantifying [CO2−3 ] precisely. Recently, it was discovered
that [CO2−3 ] is correlated to ALK-DIC in the deep Atlantic Ocean with a
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Figure 5-1: [CO2−3 ] as a function of ALK and DIC. [CO
2−
3 ] is cal-
culated at T = 1 °C, P = 3600 dbar, S = 35. Invasion/release of
CO2 only affects DIC and hence decreases/increases [CO
2−
3 ]. Dis-
solution/preservation of CaCO3 increases/decreases ALK and DIC
in 2:1 ratio, and hence increases/decreases [CO2−3 ]. Remineraliza-
tion/formation of organic matters increases/decreases DIC and only
has a small effect on ALK, and hence decreases/increases [CO2−3 ].
coefficient ‘k’ and an interception of ‘b’ (Yu et al., 2016):
[CO2−3 ] = k × (ALK −DIC) + b
k = 0.59± 0.01, b = 16± 1, r2 = 0.98
(5.4)
The strong correlation could be employed to quantify the change in the DIC
in the deep water with a knowledge of change in ALK. However, the k value
seems to be variable when simulated in different boundary conditions (Yu
et al., 2016). This could cause variation in estimation of deep-water DIC
change outside the Atlantic Ocean. As the core sites studied in Chapter 6
of this thesis sit in the Southwest Pacific, it is highly likely that the k value
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could be different from the Atlantic value. To better understand past changes
of seawater carbonate chemistry in the SW Pacific, I explore the relationship
between [CO2−3 ] and ALK-DIC in the deep ocean (water depth > 2.5 km) using
the GLODAP (Global Data Analysis Project) dataset (Key et al., 2004) and
a series of artificial carbonate systems. The correlation between [CO2−3 ] and
ALK-DIC observed in a hydrological dataset (GLODAP) is supplemented by
carbonate system data generated from random ALK and DIC. The variation
of the k values in the GLODAP dataset is derived by imposing a small change
in the carbonate chemistry. Such a variation of k values is also supported by
analysis of the artificial dataset.
5.2 Methods
5.2.1 GLODAP dataset
Data from GLODAP dataset with both ALK and DIC data are selected
for the analysis. DIC from GLODAP dataset are corrected to the preindustrial
level by subtracting in situ DIC by anthropogenic CO2, where anthropogenic
CO2 data are from Sabine et al. (2004). In cases where anthropogenic CO2
are not available, they are assumed to be zero. This assumption only affects
∼8% percent of the total data. Removal of sites without anthropogenic CO2
data does not influence the conclusion of this chapter. From ALK and DIC
all the carbonate chemistry parameters ([CO2−3 ], pH, and etc) can be calcu-
lated, with the knowledge of temperature, pressure, salinity, and minor con-
tributors to ALK (phosphate and silicate) (Zeebe and Wolf-Gladrow, 2001).
Here negative phosphate and silicate values from the GLODAP dataset are
made to be zero. The carbonate chemistry variables are calculated by an
adapted CO2sys2.1 MATLAB code (Lewis et al., 1998), using K1 and K2
from Mehrbach et al. (1973), K
HSO−4
from Dickson (1990a), and total boron
concentration and salinity correlation from Lee et al. (2010). Carbonate sys-
tem variables are calculated at the in situ conditions and are also normalized
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to the same constant output condition (T = 3 °C, P = 2500 dbar, and S =
35).
5.2.2 Artificial data
100,000 artificial carbonate systems are simulated from random ALK and
DIC values covering the variability within the modern ocean (Figure 5-2A), at
random modern deep ocean conditions, where temperatures range from 0 to
3 °C, pressures range from 2500 to 5500 dBar, and salinities range from 34.5
to 35.5. Minor contributors to ALK (phosphate and silicate) are omitted for
simplicity of the simulation. Similar to GLODAP dataset, from ALK and DIC,
with temperature, pressure, and salinity, all carbonate chemistry variables can
be calculated, using the same program and constants as the calculation of
GLODAP. These artificial carbonate chemistry data are also both calculated
in the in situ condition and normalized to a constant output condition, where
T = 3 °C, P = 2500 dBar, and S = 35. To get the trend of [CO2−3 ] at
varying ALK-DIC, the simulated carbonate systems are grouped into bins
based on ALK-DIC (width = 0.1 µmol/kg). [CO2−3 ] in each bin is averaged
and smoothed by a Gaussian filter.
Figure 5-2: [CO2−3 ] calculated from random ALK and DIC. (A):
ALK and DIC input. (B): Correlation between [CO2−3 ] at random
deep ocean condition and ALK-DIC. Color shading shows all the
calculated [CO2−3 ] within each ALK-DIC bin, and the black curve
is the smoothed average [CO2−3 ]. Note that the results for artificial
carbonate systems with ALK < DIC, which are not realistic in the
ocean, are not shown in (B).
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5.3 Results and discussion
5.3.1 [CO2−3 ]
[CO2−3 ] of artificial carbonate systems are plotted with ALK-DIC in Fig-
ure 5-2B. Despite that ALK and DIC are randomly distributed, [CO2−3 ] calcu-
lated from ALK and DIC is strongly related to ALK-DIC. Such a dependence
demonstrates that the correlation between [CO2−3 ] and ALK-DIC derived in
the hydrological dataset by Yu et al. (2016) is not an artifact of covariation
of ALK and DIC in the modern ocean. Moreover, the average [CO2−3 ] of the
simulated carbonate systems at constant and random deep ocean conditions
are within 1 standard deviation of each other (Figure 5-3). These consistent
results suggests that variations in temperature, salinity, and pressure within
the deep ocean conditions only have a marginal influence on the covariation of
[CO2−3 ] and ALK-DIC.
Figure 5-3: Comparison between [CO2−3 ] at GLODAP sites and
[CO2−3 ] calculated from random ALK and DIC. Red and blue curves
represent average [CO2−3 ] calculated from random ALK and DIC
at random and constant deep ocean conditions, respectively. En-
velopes are ±1σ uncertainties associated with the averages. Grey
dots in Panel (A) and (B) are the GLODAP [CO2−3 ] data at in situ
and normalized constant condition, respectively.
The GLODAP [CO2−3 ] data are within the 1σ ranges of the artificial data
at both in situ and normalized conditions (Figure 5-3). The spread of [CO2−3 ]
is smaller under the normalized condition. The correlations between [CO2−3 ]
and ALK-DIC are consistent between the GLODAP data and artificial data.
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This suggests that the correlation between [CO2−3 ] and ALK-DIC applies to
ALK and DIC ranges wider than those observed in the modern ocean.
5.3.2 k value
Figure 5-4: Correlations between in situ [CO2−3 ] and ALK-DIC in
the deep ocean at GLODAP sites (>2.5 km).
The correlations between deepwater [CO2−3 ] and ALK-DIC from the GLO-
DAP dataset for in situ and normalized conditions are shown in Figure 5-4 and
5-5, respectively. k values can be derived from the regression between [CO2−3 ]
and ALK-DIC. At the in situ condition, k values vary from 0.41 in the Pacific
to 0.57 in the Atlantic. The k value of the global ocean is 0.51. The k value of
the Atlantic (k = 0.57) is consistent withs the result of Yu et al. (2016) (k =
0.59). The difference between k values in this study and Yu et al. (2016) might
be caused by a minor difference in data selection. The k values in the Atlantic
Ocean are higher than the k values in the Indian and the Pacific Ocean (k =
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Figure 5-5: Correlations between normalized [CO2−3 ] and ALK-DIC
in the deep ocean at GLODAP sites (>2.5 km).
0.44 for the Indian Ocean, k = 0.41 for the Pacific Ocean). Under the normal-
ized condition, the variability of k values is reduced. Compared to k values
at the in situ condition, k values calculated under normalized conditions are
lower in the Atlantic but still remain the highest (k = 0.54), and higher in the
Pacific and Indian.
For both in situ and the normalized conditions, when the data from global
deep ocean are plotted together, the curvature of the data array suggests that
the k values seem to depend on [CO2−3 ] (Figure 5-4 and 5-5). This potential
variation of k with [CO2−3 ] is thus further explored based on both artificial and
GLODAP data.
Based on the artificial data, k values are calculated as the derivatives of
the smoothed [CO2−3 ] to ALK-DIC. The k values calculated for in situ and
normalized conditions are similar. The k value increases from 0.35 to 0.59
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within the typical deepwater [CO2−3 ] range of 50 to 150 µmol/kg (Figure 5-6).
The k values increase from 0.35 to ∼0.52 in the [CO2−3 ] range of 50 to 100
µmol/kg. At higher [CO2−3 ], the increment of k values is smaller than 0.07 in
the [CO2−3 ] range of 100 to 150 µmol/kg.
Figure 5-6: k values at different [CO2−3 ] calculated using artificial
data.
To derive k values using GLODAP data, [CO2−3 ] at each site is recalcu-
lated from ALK and DIC with small increments. One potential issue of this
calculation is that [CO2−3 ] calculated at the same ALK-DIC increment, but
different ratios of ALK to DIC are different (Figure 5-1), which would result
in different k values. To overcome this issue, I define the increments of ALK
and DIC by an increment of [PO3−4 ] (± 0.01 µmol/kg) via the Redfield Ra-
tio of 1:16:106 (Redfield, 1934) and rain ratio (the mole ratio between carbon
released by remineralization of organic matter and CaCO3) of 4:1 (Broecker
et al., 1982). The robustness of the choice of Redfield Ratio and rain ratio is
then tested by sensitivity tests.
The choice of Redfield ratio and rain ratio is based on the assumption
that these ratios are somewhat constant throughout the ocean, which is not
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the case. There is currently no consensus on the exact stoichiometry of the
Redfield ratio (C/P), and inverse-model studies suggest that C/P can bet-
ter fit modern hydrological observations if it varies in different oceans (Teng
et al., 2014). There is no globally consistent rain ratio either (e.g., Hain et al.,
2014). Besides, both Redfield ratio and rain ratio might change on the glacial-
interglacial timescale. If the k value is sensitive to the Redfield ratio or rain
ratio, the k value derived from the modern data may not be applied directly to
paleo-reconstructions. To this end, I test the sensitivities of k value to various
Redfield ratios and rain ratios. The k value is calculated at different C/P and
rain ratios using the same [PO3−4 ] increment. Figure 5-7 demonstrates that k
value is not sensitive to changes in neither Redfield ratio nor rain ratio. The
average k value in the Atlantic only shows a small variation (0.48 to 0.52,
Figure 5-7), with dramatic changes in both Redfield ratio and rain ratio. The
small variability of the average k value validates the k value calculated from
the [PO3−4 ] increment, with assumptions on the regeneration of both organic
matter and CaCO3.
Figure 5-7: Average deep Atlantic k values calculated at various
Redfield ratios and rain ratios.
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Figure 5-8: k values at different [CO2−3 ] calculated from the deep
ocean ( water depth > 2.5 km) using GLODAP data in three ocean
basins: (A) the Atlantic Ocean, (B) the Indian Ocean, (C) the Pa-
cific Ocean, and (D) the global ocean. The black curves in all panels
are calculated from artificial data at the constant condition. The
gray dots in panel (A)-(C) are k values computed from GLODAP
data at in situ conditions while the red, green, and blue dots are k
values calculated at the normalized condition. In panel (D), only k
values in the normalized condition are shown.
The k values calculated from GLODAP data in the three ocean basins are
shown in Figure 5-8. The k values are similar for the in situ and the normalized
conditions. The spread of k values is slightly larger for the in situ condition
than the normalized condition. K values calculated from the GLODAP data
are consistent with those calculated from the artificial carbonate system data.
In the Pacific Ocean, the k value can be as low as 0.4, while in the Atlantic,
the k value can be as high as 0.57. Similar to the results from the artificial
carbonate systems, k value is less sensitive to [CO2−3 ] change at high [CO
2−
3 ]
(Figure 5-8).
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The consistent dependence of k values on [CO2−3 ] determined from the
simulated data and the GLODAP data demonstrates that the variation of k
value is intrinsically determined by the carbonate system and does not rely
on the exact level of ALK and DIC. In other words, the k-[CO2−3 ] relationship
applies to all seawater carbonate system, which is useful to estimate the carbon
inventory of the deep ocean. It is suggested that response of [CO2−3 ] to ALK-
DIC is not linear. Take the modern ocean as an example, a given [CO2−3 ]
change in the Indo-Pacific suggests a larger change in ALK-DIC in the Indo-
Pacific than compared to the Atlantic, with a factor of ∼1.5.
5.4 Conclusions
In this chapter, the relationship between [CO2−3 ] and ALK-DIC is inves-
tigated using modern hydrological data and artificial carbonate system data.
The correlation between [CO2−3 ] and ALK-DIC exists beyond the modern range
of ALK and DIC. This confirms that this correlation is not an artifact of the
covariation of ALK and DIC in the modern ocean. Therefore, the [CO2−3 ]-
(ALK-DIC) correlation is a robust feature that can be employed to quantify
past DIC change using [CO2−3 ]. It is further demonstrated that the sensitiv-
ity of [CO2−3 ] to ALK-DIC is dependent on [CO
2−
3 ]. The [CO
2−
3 ] change is
more sensitive to ALK and DIC changes at high [CO2−3 ] values. The improved
relationship between [CO2−3 ] and (ALK - DIC) can help better quantify the
carbon inventory in the deep ocean, especially in the deep Indo-Pacific where
[CO2−3 ] values are lower than those in the Atlantic.
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Chapter 6
Deep SW Pacific carbonate
chemistry during the last glacial
cycle
6.1 Introduction
The Southern Ocean has been recognized as an important player in reg-
ulating atmospheric pCO2 on the glacial-interglacial timescale (Sigman et al.,
2010, and references therein). It has been proposed that more carbon is se-
questered into the deep Southern Ocean during the glacial times,which ulti-
mately contributed to the low atmospheric pCO2 during ice ages (Sigman and
Boyle, 2000; Sigman et al., 2010, and references therein).
The accumulation of carbon in the deep Southern Ocean during glacials
and the release of carbon during deglacials can be considered based on the
closed-system and open-system responses (Sigman and Boyle, 2000). Closed-
system responses redistribute carbon within the ocean-atmosphere system,
which are mainly driven by the biological pump and global circulation (Sigman
and Boyle, 2000). The Southern Ocean, where carbon rich deep water upwells
to the surface, is a window for direct carbon exchange between the deep ocean
and the atmosphere. In the modern ocean the annual carbon flux is close to
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zero, as the summer CO2 uptake and winter CO2 release generally cancel out
(Takahashi et al., 2009). The deep water upwelling in the modern Southern
Ocean is also rich in nutrients, which are not completely consumed at surface
before returning to the subsurface (Sigman and Boyle, 2000, and references
therein). The incomplete use of nutrients allows sequestered carbon to escape
to the atmosphere (Takahashi et al., 2009), but also offers an opportunity to
enhance carbon sequestration into the deep ocean if nutrients can be more
efficiently utilized (e.g., Martin, 1990; Francois et al., 1997; Martínez-García
et al., 2014). Circulation of deep water in the Southern Ocean, especially the
upwelling of deep water also control the exchange of carbon between the sur-
face and deep Southern Ocean (Anderson et al., 2009; Burke and Robinson,
2012). Besides, changes in the efficiency of sea-air exchange, possibly related
to shift in southern westerly winds (Toggweiler et al., 2006) and sea ice cov-
erage (Stephens and Keeling, 2000) can also affect the CO2 flux within the
Southern Ocean.
Changes in seawater carbonate chemistry caused by closed-system pro-
cesses can affect interactions between the ocean carbon reservoir and the la-
bile parts of the sedimentary carbon reservoirs on the seafloor and continental
shelves. These processes are known as open-system processes (Sigman and
Boyle, 2000). The change of deepwater carbonate chemistry can affect alka-
linity balance by altering CaCO3 preservation on the seafloor (Broecker and
Peng, 1987; Boyle, 1988). Sea level fluctuations can shift the locus of carbon-
ate deposition between the deep sea and continental shelves, contributing to
seawater alkalinity inventory change (Berger, 1982; Opdyke and Walker, 1992).
The Pacific Sector of the Southern Ocean is a crucial region for the carbon
inventory in the deep ocean, as it connects the vast deep waters in the Pacific
Ocean with the atmosphere. Deepwater carbonate chemistry in the South
Pacific provides important information about the carbon inventory change on
the glacial-interglacial timescale. To date, deepwater carbonate chemistry in
the deep South Pacific is still not well quantified for the last full glacial cycle.
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Most of our knowledge about the deepwater carbonate chemistry in this region
relies on a qualitative proxy, carbonate content in the sediment (%CaCO3)
(e.g., Howard and Prell, 1994). In this chapter, deepwater carbonate chemistry
in the Southwestern Pacific Ocean during the last glacial cycle is reconstructed
using benthic B/Ca in two sediment cores (GC34 and MD97-2106) located on
the South Tasman Rise.
6.1.1 Modern Southern Ocean hydrography
Circulation in the Southern Ocean is largely dominated by the Antarctic
Circumpolar Current (ACC), which flows eastwards continuously and isolates
Antarctic. The ACC is mainly forced by westerlies between 40 and 60 °S
(Talley et al., 2011). The westerlies also drive the northwards Ekman transport
under the influence of Coriolis force.
Fronts and zones. Owing to the ACC, nearly zonal fronts defined by pro-
nounced meridional gradients of surface properties are developed in the South-
ern Ocean (Figure 6-1A). The Subtropical Front (STF) marks the northern-
most boundary of all Southern Ocean phenomena (Talley et al., 2011). The
STF separates the cold and fresh subantarctic water from the warm and saline
subtropical water (Orsi et al., 1995). In the Tasman Region, the equatorwards
subantarctic water overrides the the polarwards subtropical water, forming the
Subtropical Front Zone (STFZ) (Hamilton, 2006). The north and the south
STF in the Tasman Region can be defined as the 10 and 12 °C temperature
contour at 100 m water depth (Orsi et al., 1995). Within the ACC, there are
three fronts from the north to south: the Subantarctic Front (SAF), the Polar
front (PF), and the Southern ACC Front (SACCF). All these three fronts are
strong eastwards flow. The SAF is the northern edge of the ACC, and can be
identified as the 4 °C temperature contour at 200 m (Orsi et al., 1993; Belkin
and Gordon, 1996). The PF is the northern edge of the shallow temperature
minimum that can be represented by 2 °C temperature contour at 200 m (Orsi
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Figure 6-1: (A) A schematic meridional section of the Southern
Ocean showing main fronts and water masses. (B) Oxygen concen-
tration and (C) salinity for the South Pacific Ocean. The salinity
maximum is shown in (B) by the thick blue lines. The oxygen con-
centration minimum is also shown in (C) by the thick yellow lines.
The two thick dark red lines in (B) and (C) are isoneutral contours
of 27.8 and 28.04 kg/m3, which indicate the core of IDW/PDW and
NADW, respectively. (A) is modified from Carter et al. (2008), and
(B) and (C) are modified from Talley (2013).
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et al., 1993; Belkin and Gordon, 1996). The Southern Boundary (SB) is south
of the SACCF, but sometimes merges with the SACCF (Orsi et al., 1995). It
is not a dynamical front but the edge of the Upper Circumpolar Deep Water
(UCDW). The Antarctic Slope Front (ASF) is south of the ACC and locates
mostly along the continental slope.
The fronts separate the Southern Ocean into the zones as shown in Figure
6-1A. From the north to south these zones are: the Subantarctic Zone (SAZ;
between the STF and SAF), the Polar Frontal Zone (PFZ; between the SAF
and PF), the Antarctic Zone (AZ; between the PF and SACCF), the Southern
Zone (SZ; between the SACCF and SB), and the Subpolar Region (south of
the SB Orsi et al., 1995).
Water masses. Distribution of surface water masses in the Southern Ocean
can largely be defined by the main fronts. The Continental Shelf Water (CSW)
south of the ASF is cold and dense. Temperature of the CSW can be close to
freezing point in winter, and the density of CSW is comparable to Antarctic
Bottom Water (AABW) (> 28.27 kg/m3) (Whitworth et al., 1998). There
could be salinity stratification within the CSW possibly due to brine injection,
and the saltiest part of it is the source of the AABW (Talley et al., 2011).
The Antarctic Surface Water (ASW), which is a cold (temperature between
-1.9 to 1 °C in winter) and fresh (salinity between 33 to 34.5 ) water mass,
occupies the surface ocean south of the PF. The surface water between the
SAF and PF within the PFZ is the transitional water between the ASW and
Subantarctic Surface Water (SASW). North of the SAF is the SASW, with a
temperature range of 4 to 10 °C and a salinity around 34  during winter.
The Subantarctic Mode Water (SAMW) is formed just north of the SAF as the
mixed layer thicken during winter (McCartney and Talley, 1982). It can reach
500 m at depth in the Indian Ocean, and is deeper than 300 m in the Pacific
Ocean. The SAMW supplies large amount of the Southern Ocean surface
water to the subtropical gyres (Talley et al., 2011).
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Below the SAMW is the Antarctic Intermediate Water (AAIW), charac-
terized as a vertical salinity minimum, at about 500 to 1500 m. The AAIW is
found north of the SAF and extend to 10 to 20 °N in the Pacific Ocean and 15
to 20 °N in the Atlantic Ocean. It is still under debate whether the AAIW is
formed by the sinking ASW across the SAF or locally in the Southeast Pacific
and the Drake Passage (Talley et al., 2011).
The Circumpolar Deep Water (CDW) is the largest deep water mass in
the Southern Ocean. It is not formed at the sea surface, but a mixture of the
deep waters from in three major ocean basins, and deep waters formed around
Antarctic (Talley et al., 2011). The North Atlantic Deep Water (NADW),
Pacific Deep Water (PDW), and Indian Deep Water (IDW) are mixed upon
entering the ACC. The CDW can be divided into the UCDW and the Lower
Circumpolar Deep Water (LCDW). The UCDW is characterized by the ver-
tical oxygen minimum (< 180 µmol/kg, Figure 6-1C), as it is contributed by
mainly by the PDW and IDW, which have low oxygen and high nutrient con-
centrations. North of the PF, the UCDW has a depth range of 1400 to 2500 m
(Talley et al., 2011). The UCDW upwells to the south across the ACC, and it
meets the surface water or outcrops within the PFZ and AZ. The UCDW only
upwells north of the SB, within the ACC. As a result, nutrients are supplied
to the ASW by the UCDW and are transported northwards by the AAIW and
SAMW. The LCDW is characterized by the vertical salinity maximum (∼34.72
 in the Pacific, ∼34.75 in the Indian, and 34.8 to 34.9 in the Atlantic),
which is reminiscent of the saline NADW (Figure 6-1B) (Talley et al., 2011).
It occupies the depth deeper than 2500 m and reaches the bottoms of Pacific
and Indian Ocean north of the PF.
The Antarctic Bottom Water (AABW) is the densest water mass in the
Southern Ocean, and it is defined by its neutral density, which is > 28.27
kg/m3 in a strict sense (Orsi et al., 1999). According to this definition, the
AABW is largely restricted to the southern regions by the ocean ridges (Talley
et al., 2011). In comparison to the LCDW, the AABW is fresher and colder.
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Weddell Sea, Ross Sea, and Adélie coast are the three main locations for the
AABW formation (Rintoul and Bullister, 1999). The AABW is formed the
mixture of the CSW flowing down slopes and the CDW north of the ASF.
6.1.2 Deep-water [CO2−3 ] variations
In this section, I summarize how deepwater [CO2−3 ] can be affected by
closed-system and open-system processes and deepwater [CO2−3 ] variation in
the modern ocean.
Closed-system responses. Closed-system responses affect deepwater [CO2−3 ]
mainly by changing carbon contents in the deep ocean. These processes in-
clude changes in the biological pump (Boyle, 1988; Matsumoto, 2007; Martínez-
Garcia et al., 2011; Martínez-García et al., 2014) and ocean circulation (Burke
and Robinson, 2012; Chen et al., 2015; Ronge et al., 2016).
A strengthened biological pump in the SAZ, driven by increased dust
fluxes, has been proposed to explain the atmospheric pCO2 decline during
glaciation (Anderson et al., 2002; Martínez-García et al., 2014). An increased
iron-bearing dust input into the nutrient-rich SAZ can enhance the produc-
tivity that is currently limited by iron availability (Martin, 1990). In the
Atlantic sector of the Southern Ocean, enhanced productivity, as indicated
by Alkenone flux, and a higher degree of nitrate consumption have been ob-
served to coincide with the increased dust fluxes during the last glaciation
(Martínez-García et al., 2014). This supports that a strengthened biological
pump, driven by iron fertilization, assisted to sequester more carbon into the
deep Southern Ocean, contributing to the low atmospheric pCO2 during the
last ice age (Martínez-García et al., 2014).
Besides productivity changes, the export rate of organic carbon might
change on the glacial-interglacial timescale (Boyle, 1988; Keir, 1988; Mat-
sumoto, 2007). The export rate could be altered along with changes in ex-
port productivity (Keir, 1988; Boyle, 1988) or due to reduced regeneration
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rate of organic carbon at the colder glacial temperatures (Matsumoto, 2007).
The increase in the export rate, the results of increased export productivity
and decreased regeneration rates, can shift the depth of maximum regeneration
from intermediate depths to deep depths (Boyle, 1988; Keir, 1988; Matsumoto,
2007). Laterally this can shift nutrients from the Atlantic basin to the Indo-
Pacific basins (Boyle, 1988; Keir, 1988; Matsumoto, 2007).
Water mass mixing affects deepwater [CO2−3 ] by changing relative pro-
portions of various water masses and by changing [CO2−3 ] of the end-member
water masses.
In the modern ocean, the deep SW Pacific is filled with the LCDW, which
retains the NADW imprint (Rintoul and Bullister, 1999). As the NADW
shoaled during glacials, the proportion of the NADW entrained into the deep
Indo-Pacific decreased (Ferrari et al., 2014). This is supported by reconstruc-
tions based on both δ13Cb (Oppo et al., 1990; Ninnemann and Charles, 2002;
Moy et al., 2006) and εNd (Piotrowski et al., 2005, 2009; Wilson et al., 2015;
Molina-Kescher et al., 2016; Hu et al., 2016). The glacial PDW has been sug-
gested to have a larger influence on the LCDW, as radiocarbon depleted water
accumulated in the deep SW Pacific (Skinner et al., 2015; Ronge et al., 2016).
The contribution of the AABW to the LCDW during the LGM is less well
constrained, but it is speculated that its influence might be stronger during
glacials based on δ13Cb data (Ullermann et al., 2016).
In the modern ocean, [CO2−3 ] of the major deep water masses (PDW,
AABW, and NADW) are consistent with the trend defined by regeneration of
organic matters (Broecker et al., 1982; Yu et al., 2008). In the glacial ocean,
[CO2−3 ] of major deep water masses may be altered by changes in the ocean
stratification (Burke and Robinson, 2012; Skinner et al., 2015; Chen et al.,
2015; Ronge et al., 2016) and the air-sea exchange (Stephens and Keeling,
2000). [CO2−3 ] of the North Atlantic sourced water, which affects the preformed
[CO2−3 ] of the global deep ocean, was higher than the modern level owing to low
atmospheric pCO2 (Yu et al., 2010b). [CO2−3 ] of the PDW is expected to have
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a larger offset from the North Atlantic sourced waters during glacials because
the deep ocean was poorly ventilated, as shown by radiocarbon data from
all sectors of the deep Southern Ocean (Burke and Robinson, 2012; Skinner
et al., 2015; Chen et al., 2015; Ronge et al., 2016). [CO2−3 ] of the PDW can
be approximated by records from the deep equatorial Pacific (Yu et al., 2013;
Kerr et al., 2017), which shows a minimal LGM-Holocene gradient, and a
larger offset from [CO2−3 ] of the North Atlantic sourced water during glacials
(Yu et al., 2013; Kerr et al., 2017). The [CO2−3 ] of the AABW is unconstrained
because several competing processes can potentially affect deep water [CO2−3 ]:
the air-sea exchange, the alkalinity change, and the biological pump change.
Downcore reconstruction for the AABW is also very challenging, and the only
deep water [CO2−3 ] record available (Rickaby et al., 2010) cannot resolve glacial-
interglacial variations (Kerr et al., 2017).
Open-system responses. Open-system responses involve dissolution and
preservation of CaCO3 on the seafloor (Broecker and Peng, 1987; Boyle, 1988),
and deposition of CaCO3 on the continental shelves (Berger, 1982; Opdyke and
Walker, 1992).
When deepwater [CO2−3 ] is changed by closed-system processes, carbonate
saturation state (Δ[CO2−3 ]) would also be modified, affecting the preservation
of CaCO3 on the seafloor. This changes the whole ocean ALK, and thus
[CO2−3 ], acting as a positive feedback to restore ALK fluxes back to a steady
state on a timescale of ∼7 kyr (Broecker and Peng, 1987). This process is
called carbonate compensation (Broecker and Peng, 1987; Boyle, 1988).
Sea level fluctuations can shift the locus of carbonate deposition between
deep sea and the continental shelves, affecting the ALK change and [CO2−3 ]
change (Berger, 1982; Opdyke and Walker, 1992). When sea level falls, the
continental shelf area decreases. As a result, CaCO3 deposition on the conti-
nental shelves is reduced (Berger, 1982; Opdyke and Walker, 1992). Because
of the minimal variation in the global continental weathering rate during the
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late Cenozoic (Foster and Vance, 2006; Willenbring and von Blanckenburg,
2010), the reduction of CaCO3 deposition on the continental shelves leads to
an increase in the whole ALK and thus [CO2−3 ] (Berger, 1982).
Figure 6-2: A transect showing [CO2−3 ] of major deep water masses
including NADW, PDW and, PDW.
[CO2−3 ] of water masses. Formation of organic matter and carbonate in
the surface ocean enhance [CO2−3 ] of surface water (Figure 5-1). In the Atlantic
and Pacific surface seawater [CO2−3 ] is higher than 150 µmol/kg (Figure 6-2).
Distribution of [CO2−3 ] in the deep ocean reflect the ventilation history of the
deep water. As NADW is well-ventilated, it has the highest [CO2−3 ] in the deep
ocean of about 110 µmol/kg (Figure 6-2). The most poorly-ventilated PDW,
on the other hand, has the lowest [CO2−3 ] of about 50 µmol/kg (Figure 6-2). In
the Southern Ocean, [CO2−3 ] of LCDW is between 70 and 80 µmol/kg, owing
to the strong upwelling and the contribution of NADW to LCDW (Figure 6-2).
6.2 Materials and methods
6.2.1 Materials
The two studied sediment cores, GC34 and MD97-2106, are located in
the Southwestern Pacific at 4.0 and 3.3 km, respectively (Table 6.1, Figure
6-3). The average sediment rate is 2.8 cm/kyr at GC34 during the last 150
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kyr. GC34 is sampled every ∼3 cm for the LGM-Holocene interval, and every
∼5 cm for the rest of the last glacial-interglacial cycle. For MD97-2106, the
average sediment rate is 9.3 cm/kyr during the last 150 kyr. MD97-2106 is
sampled every ∼10 cm for the LGM-Holocene interval, and every ∼20 cm for
the rest of the last glacial-interglacial cycle.
Sediment samples are disaggregated and sieved through 63 µm sieves. For
each sample, sediments < and > 63 µm are dried and weighed, respectively.
All pristine Cibicidoides wuellerstorfi shells are preferentially picked from the
250-500 µm size fraction. When insufficient (< 5) shells can be picked from this
size fraction, effort was made to pick C. wuellerstorfi shells from the 212-250
µm size fraction. C. wuellerstorfi shells are checked before crushing to ensure
consistent morphology. For each sample, 3 to 20 shells are crushed. If the total
number of C. wuellerstorfi shells for a sample is larger than 15, these shells
are divided into two subsamples and crushed separately for replicate analyses.
The crushed shells are cleaned according to the ‘Mg-cleaning’ method (Barker
et al., 2003). All samples are checked under a microscope to remove foreign
particles using a single-haired brush before moving on to the oxidative step (Yu
et al., 2007a). The reductive cleaning step is not employed. This is because
B/Ca is negligibly affected by the reductive step (Yu and Elderfield, 2007),
and foraminiferal shells can be partially dissolved during this step (Yu et al.,
2007a).
6.2.2 Analytical method
Trace element to calcium ratios of foraminiferal samples were measured
on a Varian 820 ICP-MS at the ANU, following the method of Yu et al. (2005).
The analytical precision for B/Ca, based on repeated measurements of an in-
house solution standard is 2.7% (151.4±4.2 µmol/mol, 2σ). Relative standard
deviations of B/Ca for replicate samples are 1.3−2.6 % (N = 4) and 0.1−4.2
% (N = 10) for MD97-2106 and GC34, respectively.
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6.2.3 Hydrographic settings
The two studied cores are located in the Subtropical Front Zone (STFZ),
and bathed in the LCDW in the modern ocean, making them ideal for recon-
structing the Southern Ocean conditions in the Pacific Sector.
Core Lat. Lon. Water depth Sed. rate [CO2−3 ] Δ[CO
2−
3 ] Core type
°S °E m cm/kyr µmol/kg µmol/kg
MD97-2106 45.15 146.28 3310 9.3 80 -2 Piston
GC34 45.10 147.75 4002 2.8 80 -14 Gravity
Table 6.1: Locations, sedimentation rates, deepwater carbonate
chemistry of MD97-2106 and GC34.
Figure 6-3: Hydrological settings of two cores used in this study.
(A) Location of two sediment cores. Black solid lines are north-
ern and southern bounds of STF, and the black dashed line is the
SAF (Belkin and Gordon, 1996). (B) and (C) Contours of [CO2−3 ]
superimposed on salinity (B) and oxygen concentration (C) of the
transect indicated by the blue curve in (A).
The STF in the Tasman Region is characterized by a zonal trending band,
with the equatorwards limit of the cold and fresh subantarctic water overriding
the polarwards limit of the warm salty subtropical water (Hamilton, 2006).
Regarding nutrients, subantarctic water is rich in macro-nutrients, whereas
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the subtropical water is rich in iron (Boyd et al., 1999). Both macro-nutrients
and iron limit the regional productivity (Boyd et al., 1999).
At the latitude of the two studied cores, the salinity maximum is at ∼3000
m, indicating the core of the LCDW (Callahan, 1972; Rintoul and Bullister,
1999; Talley, 2013) (Figure 6-3). The oxygen minimum, which defines the
UCDW (Callahan, 1972; Rintoul and Bullister, 1999; Talley, 2013) , is about
1500 to 2000 m (Figure 6-3). [CO2−3 ] of the LCDW is lower than that of the
UCDW, because 1) the LCDW is influenced by the NADW with high [CO2−3 ]
compared to the south-sourced waters (Yu et al., 2008) and 2) the UCDW is
rich in regenerated organic matter. (Figure 6-3).
In the SW Pacific, deep-water carbonate chemistry has been investigated
by dissolution proxies (Bostock et al., 2011, and references therein). Based on
carbonate content (%CaCO3) of core-top sediment, the carbonate compensa-
tion depth (CCD), the depth at which %CaCO3 is less than 20% (Broecker
et al., 1982), is between 3700 and 4800 m in the Tasman Sea Basin(Bostock
et al., 2011). The fragmentation of foraminifera, however, indicates that signif-
icant CaCO3 dissolution occurs around 3550 m in the Tasman Basin (Martinez,
1994).
6.2.4 Age model
The age models of two two studied cores are reconstructed based on pub-
lished data (Moy et al., 2006) and shown in Figure 6-4. Published radiocarbon
dates of both cores (Moy et al., 2006) are calibrated to the Marine13 curve
(Reimer et al., 2013) assuming a constant surface reservoir age of 400 years,
calculated using Calib v7.1 (Stuiver and Reimer, 1993). Published benthic
δ18O data (Moy et al., 2006) are aligned to the global benthic δ18O stack for
the last 150 kyr (Lisiecki and Stern, 2016). The tie-points for both cores are
the mid-points between δ18Ob peaks and troughs.
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Figure 6-4: Age models of MD97-2106 and GC34. The black curves
are the global benthic δ18O stack for the last glacial cycle (Lisiecki
and Stern, 2016), vertically shifted to be consistent with downcore
benthic δ18O data (Moy et al., 2006).Pluses and triangles along
the top x axises represent tie points based on radiocarbon and the
benthic δ18O, respectively.
6.2.5 [CO2−3 ] calculation
Deepwater [CO2−3 ] is calculated from C. wuellerstorfi B/Ca based on the
core-top calibration of Yu et al. (2013), which combines all published core-top
data to date (Yu and Elderfield, 2007; Rae et al., 2011; Raitzsch et al., 2011;
Brown et al., 2011; Yu et al., 2013):
B/Ca = k ×Δ[CO2−3 ] + b,
k = 1.14± 0.04, b = 176.6± 1.0.
(6.1)
The saturation [CO2−3 ] is largely depth (pressure)-dependent, so that its varia-
tion is minimal on the glacial-interglacial timescale. As a result, in situ [CO2−3 ]
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can be determined by deepwater Δ[CO2−3 ] reconstructed from benthic B/Ca:
[CO2−3 ]in situ = Δ[CO
2−
3 ] + [CO
2−
3 ]saturation. (6.2)
If the core-top is of Late Holocene in age, and the benthic B/Ca variation is
minimal during the Late Holocene, Equation (6.2) can be reorganized into:
[CO2−3 ]in situ = [CO
2−
3 ]pre−industrial +Δ(B/Ca)Sample−LateHolocene/1.14,
(6.3)
where only the sensitivity of B/Ca to Δ[CO2−3 ] is involved in the calculation
of in situ [CO2−3 ]. The absolute [CO
2−
3 ] value calculated from Equation (6.2)
and (6.3) are the same, but the uncertainty of [CO2−3 ] yielded from Equation
(6.3) is smaller. This is because the intercept of Equation (6.1) is not used
in Equation (6.3). For Equation (6.2) and Equation (6.3), the uncertainty of
[CO2−3 ] is calculated by Equation (6.4) and (6.5), respectively.
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As the Late Holocene part is missing for GC34, its [CO2−3 ] is calculated using
Equation (6.2). Deepwater [CO2−3 ] in core MD97-2106 is calculated based on
Equation (6.3), owing to the small variation of the Late Holocene B/Ca (174
± 4 µmol/mol, n = 3). Given that the relative uncertainty of B/Ca is 2.7 %
(2σ), typical uncertainties of [CO2−3 ] for GC34 and MD97-2106 are ∼4 and ∼3
µmol/kg (1σ), respectively.
6.3 Results
Deepwater [CO2−3 ] records from GC34 and MD97-2106 are shown in Figure
6-5, along with δ18Ob data (Moy et al., 2006). These are the first deepwater
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[CO2−3 ] records reconstructed from benthic B/Ca in the deep SW Pacific.
Figure 6-5: Deepwater [CO2−3 ] records in cores GC34 (A) and
MD97-2106 (B) along with benthic δ18O data from (Moy et al.,
2006) (C). Errorbars of [CO2−3 ] data represent ±1σ ranges. The
thick curves in (A) and (B) are 2-kyr window running average. The
cold MISs (2, 4, 6) are marked by the grey bars.
Deepwater [CO2−3 ] at GC34 varied from ∼55 to 85 µmol/kg during the last
glacial-interglacial cycle. The lowest [CO2−3 ] was observed during the LGM,
with an average of 61 ± 4 µmol/kg (n = 12). From the late MIS 6 to 3, [CO2−3 ]
fluctuated within a narrower range between ∼70 and 85 µmol/kg, compared
to Termination I (T I). The highest [CO2−3 ] level of ∼80 µmol/kg was reached
in early Holocene, MIS 3, 5a, 5e-d, and the late MIS 6. Since MIS 5d, these
peak [CO2−3 ] values were associated with warmer MISs, as indicated by light
δ18Ob. This is not the case for MIS 6 and 5e, when the warmer MIS 5e was
lower in [CO2−3 ] compared to MIS 6. During the MIS 6-5e transition, [CO
2−
3 ]
descended from ∼77 (n = 9) to ∼71 (n = 4) µmol/kg.
Deepwater [CO2−3 ] at MD97-2106 shows a similar variability to GC34
116
SECTION 6.4 CHAPTER 6. DEEP SW PACIFIC [CO2−3 ]
from ∼65 to ∼85 µmol/kg during the last glacial-interglacial cycle. The data
resolution is lower during MIS 5e-c compared to the rest of the record, because
there are not enough shells in this section of the core. This section will be re-
sampled and reanalyzed in the future. The minimal [CO2−3 ] values of ∼65
µmol/kg were seen in the LGM, MIS 4, and 5d-c. The peak [CO2−3 ] values of
∼80 µmol/kg were reached during the late Holocene, MIS 3, 5a, and 6.
In the following two sections, deepwater [CO2−3 ] records from the deep SW
Pacific are compared with 1) sedimentary partial dissolution proxies at these
two cores, 2) records from the deep South Atlantic and the deep equatorial
Indo-Pacific, and other Southern Ocean proxies for the last 150 kyr.
6.4 Sedimentary partial dissolution
In this section, benthic B/Ca based [CO2−3 ] records are compared with
three sedimentary dissolution based proxies for deepwater [CO2−3 ]: coarse
fraction content (> 63 µm %) (e. g., Bassinot et al., 1994), carbonate con-
tent (%CaCO3) (e. g., Berger, 1973; Farrell and Prell, 1989), and planktonic
foraminiferal shell fragmentation (e. g., Barker and Diz, 2014), which is rep-
resented by percentage of whole planktonic foraminiferal shells (% WPF) in
a previous study (Moy, 2005). In general, stronger partial dissolution can be
reflected by lower > 63µm%, lower %CaCO3, and lower % WPF. These proxies
can be potentially complicated by variation in surface productivity (Arrhenius,
1952), pore water dissolution (Archer and Maier-Reimer, 1994), and local sed-
iment focusing (Anderson et al., 2002). Benthic B/Ca based [CO2−3 ], however,
can better represent the bottom water condition and be independent of surface
conditions (Yu and Elderfield, 2007). Benthic B/Ca and coarse fraction data
are new results from this study. %CaCO3 and %WPF of bothe MD97-2106
and GC34 are from previous work (Moy, 2005; Moy et al., 2006).
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Figure 6-6: Deepwater [CO2−3 ] records in core GC34 (A) compared
with > 63µm % (B), %CaCO3 (Moy et al., 2006) (C), and % WPF
(Moy, 2005) (D). In all these panels, dots are original data and
curves are ±2-kyr moving average. δ18Ob data are shown in all
panels to illustrate MISs. The cold MISs (2, 4, and 6) are shaded.
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6.4.1 GC34
Deepwater [CO2−3 ] records in cores GC34 with sedimentary partial disso-
lution proxies are shown in Figure 6-6. Benthic B/Ca based [CO2−3 ] decreased
during the MIS 3/2, 5a/4, and 6/5e transitions. %CaCO3 and % WPF both
indicated stronger dissolution at MIS 3/2 and 5a/4 transitions. %CaCO3and
% WPF reached the local minimum at the beginning of the MIS 2 and in
the mid MIS 4, when the declines in [CO2−3 ] stopped. The intensified dissolu-
tion at these two transitions, however, is not well registered in the > 63µm %
record. During the course of this [CO2−3 ] decrease at the MIS 6/5e transitions
(Termination II, T II), all three dissolution proxies indicated overall stronger
dissolution, but with a moderate increase in preservation at the end of the MIS
6. Benthic B/Ca based [CO2−3 ] increased during the MIS 2/1 and 4/3 transi-
tions. During the early Holocene, there is a decreasing trend in [CO2−3 ] with
the sediment depth, but this cannot be observed after averaging over a age
window. Consistent with the overall increasing trend in [CO2−3 ] are %CaCO3
and % WPF records. % WPF decreased at the beginning of the Holocene,
before [CO2−3 ] started to decline. > 63 µm % demonstrated a general decreas-
ing trend at this transition. At the MIS 4/3 transition, all three dissolution
proxies suggested better preservation at this transition.
6.4.2 MD97-2106
At MD97-2106, benthic B/Ca based [CO2−3 ] decreased during the MIS 3/2
and 5a/4 transitions, and increased during the MIS 2/1 and 4/3 transitions 6-7.
Among three sediment dissolution proxies investigated, %CaCO3 demonstrates
the most similar trend to [CO2−3 ] on the timescale of 10 kyr. Despite that >
63µm % does not show a similar trend to [CO2−3 ] on the timescale of 10 kyr, it
can be well aligned with %CaCO3. However, the long term trends of > 63µm
% and %CaCO3 differ, especially in the MIS 3. Variation of % WPF does not
show clear relation with [CO2−3 ] or the other two dissolution proxies.
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Figure 6-7: Deepwater [CO2−3 ] records in core MD97-2106 (A) com-
pared with > 63µm % (B), %CaCO3 (Moy et al., 2006) (C), and
% WPF (Moy, 2005) (D). In all these panels, dots are original data
and curves are ±2-kyr moving average. δ18Ob data are shown in all
panels to illustrate MISs. The cold MISs (2, 4, and 6) are shaded.
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6.4.3 Deepwater [CO2−3 ] and sedimentary partial dissolu-
tion proxies
According to previous regional study (Bostock et al., 2011, and references
there in), the deeper core GC34 is below the foraminiferal lysocline in the
late Holocene, while the shallower core MD97-2106 is above. Nevertheless,
%CaCO3 of both cores during the last 150 kyr are much higher than 20%, sug-
gesting that both cores are above the CCD. Sitting at different water depths,
and thus with different carbonate saturation states (preindustrial Δ[CO2−3 ] =
−14 and −2 µmol/kg for GC34 and MD97-2106, respectively), MD97-2106 an
GC34 demonstrate different relations between benthic B/Ca and sedimentary
partial dissolution proxies.
%CaCO3 at both cores show similar trends to [CO2−3 ] on the timescale of
10 kyr, despite the non-linear response of %CaCO3 to the amount of CaCO3
being dissolved (Broecker et al., 1982). While % WPF at core GC34 is mostly
consistent with [CO2−3 ], % WPF at core MD97-2106 is not. The variability of
% WPF at the more undersaturated core GC34 (40-85%) is much larger than
that at MD 97-2106 (70-90%). Given the proximity of these two sediment core
and thus similar planktonic foraminifera assemblies, this difference suggests
that % WPF may be more sensitive to dissolution at more undersaturated
deep-water environment. > 63µm % at neither cores show similar trends to
%CaCO3 at the transitions between MISs. However, > 63µm % can be aligned
with %CaCO3 on millennial timescale at MD97-2106. This It is speculated
that the short-term (millennial) > 63µm % changes at this core might be
linked to sedimentary dissolution, but the long-term (between MISs) changes
are affected by other processes, for example, surface productivity.
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6.5 Deepwater [CO2−3 ] history
6.5.1 Termination I
During Termination I (T I), a prominent feature of [CO2−3 ] in the deep
SW Pacific is a monotonic increase at both sites (Figure 6-8). At MD97-2106,
deepwater [CO2−3 ] increases by 12 ± 5 µmol/kgfrom 64 ± 3 µmol/kg (n = 4)
to 78 ± 4 µmol/kg (n = 3) in the early Holocene (8−11.5 kyr). At GC34, the
LGM [CO2−3 ] of 63 ± 4 µmol/kg (n = 5) is 15± 5 µmol/kg lower than the
early Holocene [CO2−3 ] level of 78 ± 4 µmol/kg (n = 8) .
The deepwater [CO2−3 ] pattern during T I at two cores in the deep SW
Pacific is similar to that in the Atlantic (Yu et al., 2008; Broecker et al., 2015;
Gottschalk et al., 2015) (Figure 6-8). The magnitude of the LGM-Holocene
gradient at the SW Pacific sites of ∼15 µmol/kg is smaller than those in the
North Atlantic (∼20 µmol/kg, Yu et al., 2008). δ13Cb of two studied cores
increased by ∼0.7 during T I, similar to that in the deep Atlantic (Moy
et al., 2006; Yu et al., 2008; Broecker et al., 2015).
The [CO2−3 ] variations during T I in the deep SW Pacific and the deep At-
lantic, paralleled by similar δ13Cb changes, suggest that [CO2−3 ] in the deep SW
Pacific is probably affected by the Atlantic processes. In the Atlantic Ocean,
the variation of deepwater [CO2−3 ] is attributed to the variability of the At-
lantic overturning circulation, which changes the relative contributions of the
northern sourced (high-[CO2−3 ]) and the southern sourced (low-[CO
2−
3 ]) waters
(Yu et al., 2008; Gottschalk et al., 2015). In the modern ocean, the LCDW
retains the NADW influence (Rintoul and Bullister, 1999; Talley, 2013). The
NADW influence on the LCDW was persistent during the glacials, based on
εNd data (Piotrowski et al., 2005, 2009; Noble et al., 2013; Wilson et al., 2015;
Molina-Kescher et al., 2016; Hu et al., 2016), but the contribution of the North
Atlantic sourced water to the deep Indo-Pacific is thought to be decreased dur-
ing the glacials (Piotrowski et al., 2009; Noble et al., 2013; Wilson et al., 2015;
Molina-Kescher et al., 2016; Hu et al., 2016). This is also supported by larger
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differences in δ13Cb and δ18Ob between the South Atlantic and Pacific during
the LGM (McCave et al., 2008; Sikes et al., 2017) . The smaller magnitude
of the LGM-Holocene [CO2−3 ] gradient in the deep SW Pacific compared to
the Atlantic is consistent with the persistent but a diminished North Atlantic
influence on the deep SW Pacific during the glacials.
Another possible cause for the lower deep water [CO2−3 ] during the LGM
is the strengthened biological pump in the Subantarctic Zone (SAZ). In the
Atlantic sector of the Southern Ocean, biological pump is stronger or more effi-
cient during the LGM, based on 230Th-normalized nutrient fluxes and foramini-
feral shell-bounded δ15N (Martínez-García et al., 2014). However, such a
change did not seem to prevail in all sectors of the Southern Ocean. In the
SW Pacific, productivity seems to be comparable between the LGM and the
late Holocene. The productivity does not seem to be elevated during the LGM
in the Pacific Sector of the Southern Ocean (Bostock et al., 2013). Moreover,
a recent study based on 230Th-normalized nutrient fluxes shows that despite
the higher dust fluxes during the LGM, the productivity in the SAZ is largely
invariant from the LGM to Holocene in the Pacific sector of the Southern
Ocean (Durand et al., 2017). GC34 and MD97-2106 should not be affected by
possible productivity changes induced by front shifting either. These two sites
are located south of the North STF in the modern ocean. The STF shifted
northwards during the glacial period (e. g., Sikes et al., 2009; Bostock et al.,
2015). These two cores should always be within the SAZ so that no produc-
tivity change associated with front shifting would be expected. Nevertheless,
despite minimal variation of productivity at the core sites, the influence of pro-
ductivity change on deepwater [CO2−3 ] in other sectors of Southern Ocean, i.e.
in the Atlantic Sector (Martínez-Garcia et al., 2011; Martínez-García et al.,
2014), could be transmitted to the SW Pacific through the ACC (McCave
et al., 2008, 2014).
In contrast to the deep Atlantic, the LGM-Holocene [CO2−3 ] pattern dur-
ing T I in the equatorial Indo-Pacific (Yu et al., 2010a, 2013) is distinct from
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Figure 6-8: Deepwater [CO2−3 ] records at different locations dur-
ing T I and T II. (A) GC34 (45°S, 4.0 km) and MD97-2106 (45°S,
3.3 km) from the SW Pacific, [this study], (B) WIND28K (10°S,
4.1 km) from the equatorial Indian (Yu et al., 2010a; Kerr et al.,
2017), (C) TTNO13-PC61 from the equatorial Pacific (1°S, 4.3 km)
(Yu et al., 2013), (D) RC16-59 from the Atlantic (4°N, 3.5 km),
(Broecker et al., 2015; Yu et al., 2016). In all these panels, dots are
original data and curves are ±2-kyr moving average, where possible.
Deepwater [CO2−3 ] records are all based on C. wuellerstorfi B/Ca.
Grey bars illustrate terminations.
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that in the deep SW Pacific. The LGM-Holocene [CO2−3 ] change is close to
zero in the deep equatorial Indo-Pacific (Yu et al., 2010a, 2013) (Figure 6-
8). Besides, most [CO2−3 ] records in the deep equatorial Indo-Pacific display
pronounced [CO2−3 ] peaks during the deglacial (Yu et al., 2010a, 2013). No
deglacial peak is seen in the SW Pacific records. The LGM-Holocene gradients
of δ13Cb in the deep equatorial Indo-Pacific, however, resemble those in the
deep SW Pacific, with a smaller amplitude (Yu et al., 2010a, 2013).
The small LGM-Holocene [CO2−3 ] variation in the equatorial Indo-Pacific
may reflect well-buffered deepwater pH by deep-sea CaCO3 dissolution/dissolution
on the timescale of ∼10 kyr (Anderson and Archer, 2002; Yu et al., 2013). The
deglacial [CO2−3 ] peak observed in the deep equatorial Indo-Pacific is a result
of carbonate compensation triggered by removal of carbon from the deep ocean
(Yu et al., 2010a). Deepwater [CO2−3 ] records in the SW Pacific do not show
a similar pattern as those in the equatorial Pacific. Nevertheless, it is pos-
sible that an influence from carbonate compensation is superimposed on the
[CO2−3 ] variation in the SW Pacific. This influence is evident from the [CO
2−
3 ]
decline at the onset of Holocene at both cores GC34 and MD97-2106 (Figure
6-8). While the late Holocene part of the core GC34 is missing, [CO2−3 ] at
MD97-2106 began to rise at ∼5 kyr. This [CO2−3 ] pattern in Holocene sug-
gests that carbonate compensation influenced [CO2−3 ] in the deep SW Pacific.
Although such an influence is counteracted by changes in circulation and bio-
logical pump, it may account for the smaller [CO2−3 ] changes in the deep SW
Pacific compared to the deep Atlantic.
In summary, deepwater [CO2−3 ] change at Termination I in the SW Pacific
is likely the result of the combined influence from circulation, biological pump,
and carbonate compensation.
6.5.2 MIS 5a to MIS 2
MIS 5a to MIS 4. From MIS 5a to MIS 4, deepwater [CO2−3 ] at GC34 and
MD97-2106 were both characterized by decreases with a positive spike at the
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Figure 6-9: The Southern Ocean proxy records in the last 150 kyr.
(A) [CO2−3 ] in the deep SW Pacific, at GC34 and MD97-2106 [this
study]. (B) δ13Cb in the deep SW Pacific, at GC34 and MD97-2106
(Moy et al., 2006). (C) εNd in the deep SW Pacific, at CHAT5K
and CHAT1K (Hu et al., 2016). More negative values indicate more
influence from the North Atlantic sourced water. Note that the y-
axis is in the reverse order. (D) δ15N in planktonic foraminifera
shell in the South Atlantic, at ODP1090 (Martínez-García et al.,
2014). High δ15N indicates efficient nutrient utilization. In Panel
(A) and (B), dots are original data and curves are ±2-kyr moving
average. Dashed lines divide these records into different marine
isotope stages.
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Figure 6-10: (next page) Deepwater [CO2−3 ] records from MIS 5a
to 2 from different locations. (A) the SW Pacific, GC34 (45°S, 4.0
km) and MD97-2106 (45°S, 3.3 km, this study), (B) the equatorial
Indian, WIND28K (10°S, 4.1 km, Yu et al., 2010a; Kerr et al., 2017),
(C) the equatorial Pacific, TTNO13-PC61 (1°S, 4.3 km, Yu et al.,
2013), (D) the Atlantic, MD07-3076Q (44°S, 3.7 km, Gottschalk
et al., 2015), RC16-59 (4°N, 3.5 km, Broecker et al., 2015; Yu et al.,
2016). In all these panels, dots are original data and curves are ±2-
kyr moving average. Original data of MD07-3076Q are not shown
for clarity. Thick bars in all panels represent the average [CO2−3 ]
level during certain MISs (MIS 5a, 4, mid-3, and 2). Note that a
bar is presented when there are >3 data points within that MIS.
[CO2−3 ] records expect MD07-3076Q are based on C. wuellerstorfi
B/Ca, while [CO2−3 ] record of MD07-3076Q is based on Cibicidoides
mundulus (kullenbergi) B/Ca. 127
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transition (Figure 6-10). At GC34, deepwater [CO2−3 ] descended from 77 ± 4
µmol/kg (n = 5) to 69 ± 4 µmol/kg (n = 4), by 8 ± 6 µmol/kg. At MD97-
2106, deepwater [CO2−3 ] decreased by 8 ± 6 µmol/kg from 78 ± 5 µmol/kg (n
= 4) to 70 ± 4 µmol/kg (n = 6). During this transition, [CO2−3 ] in the deep
Indian Ocean declined by ∼10 µmol/kg (Kerr et al., 2017). The resolution
of available [CO2−3 ] records in the deep Pacific is not high enough to resolve
the change at this transition (Yu et al., 2013; Kerr et al., 2017). In the deep
Atlantic Ocean, a [CO2−3 ] decline of ∼25 µmol/kg was observed from a wide
range of latitudes of ∼40 °N to ∼40 °S (Yu et al., 2016).
MIS 4 to MIS 3. Deepwater [CO2−3 ] increased at GC34 and MD97-2106
during the MIS 4 to MIS 3 transition (Figure 6-10). At MD97-2106, deepwater
[CO2−3 ] increased by 7 ± 5 µmol/kg from 70 ± 4 µmol/kg (n = 6) to 77 ±
3 µmol/kg (n = 4). At GC34, deepwater [CO2−3 ] was elevated from 69 ± 4
µmol/kg (n = 6) by 11 ± 5 µmol/kg to 80 ± 3 µmol/kg (n = 6). In the
deep equatorial Indian and Pacific, the [CO2−3 ] increases during this period
were ∼13 and ∼7 µmol/kg, respectively (Yu et al., 2010a, 2013; Kerr et al.,
2017). In the deep equatorial Atlantic, [CO2−3 ] climbed by ∼35 µmol/kg at
the beginning of MIS 3 (Broecker et al., 2015; Yu et al., 2016).
MIS 3 to MIS 2. At the transition between MIS 3 and MIS 2, deepwater
[CO2−3 ] at GC34 and MD97-2106 were both marked by a significant decline
(Figure 6-10). The magnitude of this decline was comparable to the increase
occurred during T I in both cores. At GC34, deepwater [CO2−3 ] plunged from
80 ± 3 µmol/kg (n = 6) to 63 ± 4 µmol/kg (n = 4), by 17 ± 5 µmol/kg.
At MD97-2106, deepwater [CO2−3 ] decreased from 77 ± 4 µmol/kg (n = 6) to
64 ± 4 µmol/kg (n = 5), by 13 ± 6 µmol/kg. Despite similar magnitudes of
[CO2−3 ] decline at these two cores, the rates of [CO
2−
3 ] change were different.
At GC34, the [CO2−3 ] decline was rapid, within ∼3 kyr at the MIS 3 to MIS
2 transition, while at MD97-2106, the [CO2−3 ] decline was gradual, lasting for
∼15 kyr to the LGM. During this transition, smaller declines in deepwater
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[CO2−3 ] of ∼5 to 8 µmol/kg was observed in the equatorial Indo-Pacific (Yu
et al., 2010a, 2013). A larger decline of ∼20 µmol/kg was detected in the deep
South Atlantic during this transition (Gottschalk et al., 2015).
Since MIS 5a, the deepwater [CO2−3 ] variations in two studied cores were
in concert with δ13Cb (Moy et al., 2006) (Figure 6-9). The magnitudes of δ13Cb
change, are between ∼0.3 and ∼0.4 . The synchronous variation of [CO2−3 ]
and δ13Cb in the deep SW Pacific is consistent with [CO2−3 ] and δ
13Cb records
from the deep Atlantic and equatorial Indo-Pacific (Yu et al., 2010a, 2013,
2016; Kerr et al., 2017). In the Atlantic, larger deepwater [CO2−3 ] and δ
13Cb
changes are contributed to both changing Atlantic overturning circulation and
the biological pump (Gottschalk et al., 2015, 2016; Yu et al., 2016). In the
equatorial Indo-Pacific Ocean, the simultaneous changes of deepwater [CO2−3 ]
and δ13Cb are argued to be caused by changes in the deep ocean stratification
(Lund et al., 2011; Burke and Robinson, 2012; Adkins, 2013) and the strength
of the biological pump (Hain et al., 2014).
In the context of deepwater [CO2−3 ] records in the South Atlantic and the
equatorial Indo-Pacific (Yu et al., 2010a, 2013; Gottschalk et al., 2015; Yu et al.,
2016; Kerr et al., 2017), it is argued here that the variation of the deep SW
Pacific [CO2−3 ] in the last glacial cycle is the result of processes reorganizing
carbon in the deep ocean. These processes include changes of biological pump
(Martínez-García et al., 2014; Gottschalk et al., 2016), influence of the North
Atlantic-sourced water (Molina-Kescher et al., 2016; Hu et al., 2016), and ocean
stratification (Lund et al., 2011; Adkins, 2013; Ferrari et al., 2014). Firstly,
in accord with the change of Atlantic overturning circulation, the influence of
the North Atlantic-sourced water on the deep South Pacific fluctuated during
the glacial cycle (Hu et al., 2016; Molina-Kescher et al., 2016) (Figure 6-9C).
Secondly, the biological pump was strengthened in the Atlantic Sector of the
Southern Ocean at MIS 5a-4 and 3-2 transitions and weakened at MIS 4-3
transition (Martínez-García et al., 2014; Gottschalk et al., 2016) (Figure 6-
9D). In the SW Pacific, the strength of the biological pump earlier than the
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LGM has not been investigated by 230Th-normalized fluxes. Nevertheless, the
effect of biological pump changes on [CO2−3 ] in the deep South Atlantic could
be transmitted to the SW Pacific through the ACC (McCave et al., 2008,
2014). Thirdly, stratification in the Southern Ocean probably intensified as
the Atlantic overturning circulation shoaled during MIS 4 and MIS 2 (Lund
et al., 2011; Adkins, 2013; Ferrari et al., 2014).
An additional note is that the positive spikes in the two studied cores at
MIS 5a to 4 transition, despite different magnitudes, seem to coincide with
the atmospheric pCO2 spike (Ahn and Brook, 2008; Bereiter et al., 2012).
Restricted by the data resolution and uncertainty of the age model, these
spikes are not further discussed. However, it demonstrates that the deep SW
Pacific carbonate chemistry is possibly also responsive to the transient change
of atmospheric pCO2 like that in the South Atlantic (Gottschalk et al., 2015),
which warrants further investigation.
6.5.3 Termination II
Deepwater [CO2−3 ] change in the deep SW Pacific during Termination II
(T II) is distinct from that during T I 6-8. At GC34, there is no discernible
[CO2−3 ] change from the late MIS 6 to 5e (from 78 ± 4 µmol/kg (n = 6)
to 74 ± 3 µmol/kg (n = 5)). At MD97-2106, data resolution is not high
enough for MIS 5e. Based on the limited number of data, the increase in
[CO2−3 ], if any, seems modest during T II. In the deep equatorial Indo-Pacific,
deepwater [CO2−3 ] variations during T II are also different from T I. Deepwater
[CO2−3 ] decreased by ∼13 µmol/kg during T II in the equatorial Indian, in
comparison to modest increase during T I (Yu et al., 2010a; Kerr et al., 2017).
In the equatorial Pacific, deepwater declined by ∼7 µmol/kg, in contrast to
the minimal change during T I (Yu et al., 2010a, 2013). In the deep equatorial
Atlantic, however, [CO2−3 ] increased for ∼19 µmol/kg (Broecker et al., 2015),
similar to the magnitude observed during T I.
Despite the different deepwater [CO2−3 ] history between T II and T I, other
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proxies suggest that the changes in circulation and biological pump that affect
[CO2−3 ] variation during T I should influence deepwater [CO
2−
3 ] similarly during
T II. The magnitudes of δ13Cb changes at GC34 and MD97-2106 during T II
are comparable to those during T I (Moy et al., 2006) (Figure 6-9). Moreover,
εNd records in the deep SW Pacific cores show that the contribution of North
Atlantic sourced water to the deep SW Pacific changed similarly during T
II and T I (Hu et al., 2016) (Figure 6-9). The variations in the strength
of the biological pump at T II mirrored that during T I (Martínez-García
et al., 2014) (Figure 6-9). These proxy data all point to comparable circulation
and biological pump changes during T II and T I. Indeed, deepwater [CO2−3 ]
variations at RC16-59 from the equatorial Atlantic during T II resembled that
during T I (Broecker et al., 2015). Should circulation and biological pump
affect [CO2−3 ] in the deep SW Pacific [CO
2−
3 ] similarly to that during T I,
there must be other processes at work with the opposing effect on [CO2−3 ]
during T II, to cause the different deepwater [CO2−3 ] patterns between T II
and T I.
One possible cause is different deepwater circulations during MIS 6 and
MIS 2. If there were a water mass, which is high in [CO2−3 ], influencing the
core sites of GC34 during MIS 6 but not MIS 2, the relatively higher [CO2−3 ]
in core GC34 during the end of the MIS 6 could be explained. If the influence
of this water mass withdrew during T II, deepwater [CO2−3 ] in GC34 could be
decreased consequently, counteracting the influence of biological pump and the
NADW influence. Based on the modern Southern Ocean hydrography, there
are two candidate water masses: the AABW and the PDW. In the modern
ocean, AABW has slightly higher [CO2−3 ] compared to LCDW (Figure 6-2).
The character of the glacial AABW is largely unknown. It is proposed that
AABW could be salty and cold during glacials, because the Glacial North
Atlantic Intermediate Water (GNAIW), which contributed to the formation of
AABW, was too cold to melt the land based ice to freshen the AABW (Adkins,
2013). The AABW formed in this condition is expected to be salty and low in
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DIC, thus high in [CO2−3 ]. This is consistent with a B/Ca record in the Weddell
Sea with a very low resolution(Rickaby et al., 2010). However, as AABW may
be more different between different ocean basins during glacial periods (Sikes
et al., 2017; McCave et al., 2008). No data are available for Adelie Coast,
which is more relevant to AABW in the SW Pacific. If AABW was different
for Adelie Coast, during MIS 6, this should be observed in other cores in the
Indo-Pacific Sector of the Southern Ocean. However, there is no other high
resolution B/Ca records in the region for T II to date, which are needed to
test this hypothesis. If the other water mass is the PDW, the Pacific records
should show a relatively high [CO2−3 ] in MIS 6 to MIS 2, which does not seem
to be the case for an equatorial Pacific record (Yu et al., 2013). With currently
available records, it is difficult to confirm or deny the possibility that different
circulation changes influenced deepwater [CO2−3 ] variations in the SW Pacific
during T II and T I. Changes in glacial AABW is one possible explanation for
the different [CO2−3 ] feature seen in the SW Pacific. More records from other
locations are needed to test this hypothesis.
Alternatively, the different deepwater [CO2−3 ] changes between T II and
T I may reflect different open system changes during these two terminations,
which would have a global effect. As [CO2−3 ] changes are affected by the differ-
ence between ALK and DIC, a process causing a decline in [CO2−3 ] would be
associated with decreased ALK, increased DIC, or both (Broecker et al., 1982).
There seems to be no process capable of increasing DIC in the deep ocean dur-
ing terminations. An ALK decline must be responsible for the [CO2−3 ] decline
at T II. Two processes can draw down ALK in the deep ocean: improved preser-
vation of CaCO3 in the deep ocean (Broecker and Peng, 1987) and regrowth of
coral reefs on continental shelves (Berger, 1982). These two processes remove
CaCO3 from the ocean-atmospheric system, reducing the global mean ALK.
If ALK were lowered by more CaCO3 preservation in the deep sea, there
should be an increase in %CaCO3 in the Indo-Pacific Basin. Based on %CaCO3
data at GC34, there is no clear sign of increased CaCO3 preservation during
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T II (Moy et al., 2006). %CaCO3 increased modestly at the end of MIS 6 and
dropped to a similar level to MIS 6 during MIS 5e. This %CaCO3 feature is
also seen at another core in the STR at 4 km water depth (?, unpublished
data in thesis). In the deep equatorial Indian Ocean, there was a decrease in
%CaCO3 at WIND28K (Kerr et al., 2017). In the equatorial Pacific Ocean,
%CaCO3 also declined at TTNO13-PC61, and such a decline is corroborated
by 230Th-normalized CaCO3 flux data at an adjacent core (Anderson et al.,
2008). Therefore, there do not seems to be a major improvement in CaCO3
preservation in the deep Indo-Pacific Ocean, suggesting that CaCO3 preserva-
tion on the seafloor does not likely cause an ALK decline during T II.
It is therefore deduced that the regrowth of coral reef is responsible for the
decline in ALK. The reason that regrowth of coral reef had a larger contribution
during T II than T I might be that the major deglaciation represented by the
melt water pulse 2B (MWP-2B) was not interrupted by a cold event like the
Younger Dryas during T I (Marino et al., 2015). When sea level was above the
modern level at the beginning of MIS 5e (Grant et al., 2014), the coral reef
growth was already widespread (Stirling et al., 1998). The steady sea level rise
facilitated a continuous regrowth of coral reef. This process more efficiently
removed ALK from the atmosphere-ocean system and counteracted the [CO2−3 ]
change caused by the circulation and the biological pump change during T
II. The decline of deep water [CO2−3 ] observed since the early Holocene (Yu
et al., 2014) was interpreted as a result of major coral reef regrowth at ∼8 kyr
(Vecsei and Berger, 2004). Should regrowth of coral reef appeared in an earlier
stage during T II compared to T I, the influence of coral reef regrowth can be
synchronous with and thus superimposed on the impact from the circulation
and the biological pump.
If the differences in regrowth of coral reef and the basin-to-shelf of carbon-
ate deposition is responsible for the different patterns of deep-water [CO2−3 ]
during T I and T II in the SW Pacific, this signal should be global. Indeed,
deep-water [CO2−3 ] changes in other ocean basin is consistent with the obser-
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vation in the SW Pacific Ocean. The [CO2−3 ] gradient between MIS 6 and
MIS 5e is higher than that between the LGM and the early Holocene in both
the Equatorial Indian and the Equatorial Pacific Ocean (Yu et al., 2010a; Kerr
et al., 2017; Yu et al., 2013, Figure 6-8). In the Atlantic Ocean, at the only one
low-resolution deep core with B/Ca dating back to MIS 6, the [CO2−3 ] gradient
between MIS 5e and MIS 6 seems smaller than that between the early Holocene
and the LGM (Yu et al., 2016; Broecker et al., 2015, Figure 6-8). However,
there are only a few benthic B/Ca records during T II, to test whether T I
and T II are different on the global scale, more records with high resolution
and good age controls are needed.
During T I, [CO2−3 ] increased in the deep SW Pacific, which was consistent
with deep Atlantic changes. The shift in [CO2−3 ], together with the variation
in δ13Cb, suggests that [CO2−3 ] in the deep SW Pacific might be affected by
similar processes that affected deep Atlantic [CO2−3 ], namely changes in the
Atlantic overturning circulation and the biological pump. During T II, the
[CO2−3 ] in the deep SW Pacific showed little change, despite that the impacts
of the Atlantic processes remained similar. The different [CO2−3 ] variations in
the deep SW Pacific during T II from that during T I hints to a 1) changes in
AABW [CO2−3 ], 2) substantial impact on the ALK from the coral reef regrowth
on continental shelves, or both. Variations of [CO2−3 ] change in the deep
SW Pacific during different T I and T II emphasize that carbon inventory in
the deep ocean might be modulated by distinct mechanisms during different
Terminations.
6.6 Conclusions
In this chapter, deepwater carbonate chemistry in the deep SW Pacific for
the last 150 kyr is reconstructed using B/Ca in benthic foraminifera C. wueller-
storfi. From MIS 5a to Holocene, the variation of the deepwater [CO2−3 ] in the
SW Pacific is in concert with δ13Cb. During T I, deepwater [CO2−3 ] increased by
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∼15 µmol/kg. These changes, on the timescale of ∼10 kyr, are similar to those
from the deep Atlantic. This suggests that [CO2−3 ] of the deep SW Pacific is
influenced by similar processes affecting [CO2−3 ] in the deep Atlantic, which are
changes in the Atlantic Overturning Circulation and biological pump. During
T II, however, the deep SW Pacific [CO2−3 ] did not show any increase, despite
similar variations in δ13Cb and other proxies to T I. Based on the available
data, coral reef regrowth on the continental shelves seems to counteract the in-
fluences of changes in circulation and the biological pump on deepwater [CO2−3 ]
during T II. These results highlight different possible mechanisms for the deep
ocean to sequester and release carbon during different glacial-deglacial transi-
tions, which warrants more efforts to understand carbon cycle changes during
other Terminations.
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Chapter 7
Conclusions and future work
7.1 Environmental controls on geochemistry of
planktonic foraminiferal shells
The aim of the first part of the thesis is to understand the environmental
controls on planktonic B/Ca using shells from the Atlantic meridional core-
tops. This is achieved by taking advantage of other trace element to calcium
ratios measured together with B/Ca. Along with the achievement of the main
aim, there are several findings in other aspects of the geochemistry of plank-
tonic foraminiferal shells.
In Chapter 2, I presented core-top B/Ca in four planktonic foraminiferal
species from three depth transects. Based on these data, I demonstrated that
dissolution effects on planktonic B/Ca are species-specific. Among the four
species examined, B/Ca in G. ruber (w) and G. sacculifer (w/o sac) decreases
with intensified dissolution, while B/Ca in N. dutertrei and P. obliquiloculata
is negligibly influenced by dissolution. The reason for species-specific responses
of B/Ca in different species to dissolution might be related to the micro-scale
distribution of B in foraminiferal shells. The decline of B/Ca in G. ruber (w)
and G. sacculifer (w/o sac) is empirically correlated to the deepwaterΔ[CO2−3 ]
and B/Ca in the coexisting benthic foraminifera. The correlation between the
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declines in planktonic B/Ca and the deepwater Δ[CO2−3 ] is employed to as-
sess the influence of dissolution effects on the interpretation of core-top B/Ca
data. The correlation between the declines in planktonic and coexisting ben-
thic B/Ca provides a means to correct for dissolution effects on downcore
planktonic B/Ca.
In Chapter 3, I presented Mg/Ca in G. ruber (w) and G. sacculifer (w/o
sac) from the Atlantic meridional core-tops, to determine the seasonality and
calcification depths of these two species. The debate on a salinity effect on
planktonic Mg/Ca casts double on whether it is appropriate to compare Mg/Ca
to hydrological temperatures to determine the calcification depth and season-
ality of G. ruber (w) and G. sacculifer (w/o sac), two species investigated in
this study. To this end, the salinity effect on planktonic Mg/Ca is reevaluated.
By comparing Mg/Ca in G. ruber (w) and G. sacculifer (w/o sac) with hy-
drological temperatures and temperatures estimated from δ18Oc, I find little
salinity effect on G. sacculifer (w/o sac) and G. ruber (w) Mg/Ca, which is
comparable to the results from culture studies. Core-top Mg/Ca data and
hydrological data are reconciled by considering the latitude-dependent calcifi-
cation depths and seasonality of these two species. The negligible influence of
salinity on planktonic Mg/Ca derived from core-tops in this thesis resolves the
long standing debate between core-top and culture studies. This enhances our
confidence in using Mg/Ca as a reliable paleotemperature proxy in the open
ocean on the glacial-interglacial timescale. By discounting a strong salinity
effect, planktonic Mg/Ca be used to determining the calcification depths and
seasonality of the studied species from core-tops.
In Chapter 4, environmental controls on B/Ca in G. ruber (w) and G.
sacculifer (w/o sac) from the Atlantic meridional core-tops were examined.
With similar ranges of environmental parameters, G. ruber (w) B/Ca at trop-
ical latitudes show higher values than at temperate latitudes. This can be
attributed to the higher calcification rates of G. ruber (w) at tropical latitudes
than that at temperate latitudes, as indicated by higher Sr/Ca. G. ruber (w)
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B/Ca at temperate latitudes, which is affected by the calcification rate to a
lesser degree, and G. sacculifer (w/o sac) B/Ca show similar correlations with
carbonate chemistry parameters to those observed in culture studies. This
confirms the carbonate chemistry as an important environmental controlling
factor on planktonic B/Ca. The patterns of core-top B/Ca in these two species
from the Atlantic meridional transect are likely to be the result of competing
influences from the calcification rates and the seawater carbonate chemistry.
The calcification rate control on B/Ca complicates the direct connection be-
tween planktonic B/Ca and the seawater carbonate chemistry. Nevertheless,
according to the different responses of B/Ca in G. ruber (w) and G. sacculifer
(w/o sac) to the calcification rate, it is possible that B/Ca in some species
are less susceptible to such an influence, and can be employed for carbonate
chemistry reconstruction.
7.2 Deepwater carbonate chemistry in the SW
Pacific
The second part of the thesis investigated the deepwater carbonate chem-
istry in the SW Pacific using B/Ca in benthic foraminifera C. wuellerstorfi.
In Chapter 5, the relationship between [CO2−3 ] and (ALK-DIC) was refined
for the deep Indo- Pacific. It is demonstrated that the correlation between
[CO2−3 ] and (ALK-DIC) applies to compositions beyond the modern range of
ALK and DIC. This suggests that the [CO2−3 ]-(ALK-DIC) relationship is ro-
bust to be employed to quantify DIC changes in the past using [CO2−3 ]. It
is further demonstrated that the sensitivity of [CO2−3 ] to (ALK-DIC) depends
on [CO2−3 ]. [CO
2−
3 ] changes more sensitively to (ALK-DIC) changes at high-
[CO2−3 ] values. The improved relationship between [CO
2−
3 ] and (ALK -DIC)
can help better quantify carbon inventory changes in the deep ocean.
In Chapter 6, I presented that the deepwater carbonate chemistry in the
SW Pacific for the last 150 kyr was influenced by the Atlantic processes and
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growth of coral reef on the continental shelves. Since MIS 5a, the deepwater
[CO2−3 ] variation in the SW Pacific was in concert with δ
13Cb. These changes,
on the timescale of ∼10 kyr, were similar to those in the deep Atlantic. This
suggests that deepwater [CO2−3 ] of the deep SW Pacific could be affected by
changes in the Atlantic Overturning Circulation and biological pump. How-
ever, during T II, the deep SW Pacific [CO2−3 ] showed little change, despite
that variations of δ13Cb at the same cores and εNd and δ15N were similar to
those during T I. Based on the available deepwater [CO2−3 ] records from the
deep Indo-Pacific Ocean to date, coral reef regrowth on the continental shelves
seems to be the only process that can counteract the influences of Atlantic
Overturning Circulation and the biological pump on deep water [CO2−3 ] dur-
ing T II. These results highlight different possible mechanisms for the deep
ocean to sequester and release carbon during different climate transitions.
7.3 Future work
7.3.1 Environmental controls on geochemistry of plank-
tonic foraminiferal shells
This study demonstrates that B/Ca in G. ruber (w) and G. sacculifer
(w/o sac) is affected by the calcification rate, based on the covariation between
B/Ca and Sr/Ca. This covariation should be further tested in other plank-
tonic species, to test whether the calcification rate is responsible for varying
B/Ca in different species. Moreover, it would be useful to test the calcification
rate control on planktonic B/Ca in culture experiments, where estimation of
instantaneous calcification rates is enabled.
In this study, core-top B/Ca, Mg/Ca, and Sr/Ca in G. ruber (w) and
G. sacculifer (w/o sac) from the meridional Atlantic are investigated. Several
other trace element to calcium ratios (e.g., Li/Ca, Cd/Ca, and Ba/Ca) are also
measured. The large latitude coverage of the core-tops provides an invaluable
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opportunity to investigate the controlling factors of these trace elements in the
foraminiferal shells. One future work is to investigate how these trace elements
are incorporated into the foraminiferal shells. One possible approach forward is
to compare the trace element concentrations in planktonic foraminiferal shells
to concentrations of relevant elements in seawater using the GEOTRACES
dataset.
7.3.2 Deepwater carbonate chemistry in the SW Pacific
In this thesis, the deepwater carbonate chemistry in the SW Pacific during
the last 150 kyr was reconstructed. High resolution deepwater carbonate chem-
istry records are prepared for these two cores especially for some important
climatic transitions. A high resolution [CO2−3 ] record in the deep SW Pacific
may provide information about what caused transient changes of atmospheric
pCO2 changes. A multi-proxy approach also need to be employed to under-
stand mechanisms for the [CO2−3 ] changes in the deep SW Pacific. Proxies
like deepwater O2 and [PO3−4 ] can be employed to estimate the [CO
2−
3 ] change
caused by changes in the biological pump and the Atlantic overturning cir-
culation. By doing so, the influence of the ‘closed-system’ and ‘open-system’
responses on [CO2−3 ] may be able to be deconvolved.
Apart from further paleoceanographic reconstructions based on these two
deep SW Pacific cores, modeling work should be done to understand the reason
for the different deepwater carbonate chemistry changes during the last two
terminations. This is necessary because the effect of coral reef regrowth on
seawater alkalinity cannot be reconstructed directly by proxies to date. It is
also useful to be test by models to explore how differences in timing of deglacial
events during terminations can affect responses of the deepwater carbonate
chemistry.
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Figure 7-1: Locations of cores mentioned in discussion in Chapter
6.
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Table A1: Core-top B/Ca in four species from three depth transects.
Core planktonic foraminiferal B/Ca (µmol/mol)
G. ruber (w) G. sacculifer (w/o sac) N. dutertrei P. obliquiloculata
Ontong Java Plateau
1BC3 115 75 72 64
1.5BC33 112 70 66 63
2BC13 106 64 66 62
2.5BC37 102 63 64
3BC16 93 61 65
3BC24 106 61 67 66
4BC51 56 69 66
4.5BC53 72 67
5BC54 68 64
5.5BC58 71
6BC66 69
Southwestern Indian Ocean
WIND 20B 138 91 70 71
WIND 11B 111 98 67
WIND 10B 122 93 67
WIND 33B 111 74 58 66
WIND 5B 98 87 67 69
WIND 25B 99 83 62 64
WIND 23B 69 65
WIND 13B 97 79 68 74
WIND 28B 56 60
WIND 6B 66
WIND 12B 66
Caribbean Sea
M35013-3 138 94
M35014-1 133 96
M35020-1 139 94
M35010-2 139 104
M35004-1 132 89
M35026-2 132 87
M35024-6 112 79
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Table A2: Core-top trace element to calcium ratios in G. ruber (w) from the meridional
Atlantic core tops.
Core-top Lon. Lat. Water depth B/Ca Mg/Ca Sr/Ca Al/Ca Mn/Ca
°E °N m µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol
VM24-235TW -19.6 -33.3 3722 93 2.38 1.42 3.6 7.7
VM26-70TW -17.9 -30.9 3933 87 2.49 1.41 26.5 9.1
V26-68RB -15.8 -30.4 3660 88 2.89 1.40 6.4 9.6
RC8-27TW -10.6 -26.2 3678 96 3.36 1.41 2.3 10.6
RC8-19RB -14.7 -24.3 3640 98 3.36 1.43 2.2 8.3
RC8-18RB -15.1 -24.1 3977 96 3.18 1.40 10.2 15.4
V16-37TW -9.0 -21.3 3908 98 2.83 1.41 3.5 12.3
V16-36 -11.4 -19.4 3329 103 2.63 1.39 11.2 64.8
V16-35RB -15.1 -17.7 3891 94 3.87 1.45 -0.1 18.2
VM22-169TW -5.7 -16.3 3499 99 2.91 1.44 133.3 8.8
RC16-77 -13.4 -12.7 3400 99 3.43 1.42 8.3 16.0
RC13-210RB -10.6 -9.1 3658 105 3.66 1.46 20.3 8.0
V22-175 -14.3 -8.8 2950 105 3.26 1.43 1.4 4.9
RC24-21 -10.1 -8.2 3718 110 3.31 1.45 5.1 1.0
RC24-19 -10.0 -7.0 3581 108 3.33 1.44 2.6 1.8
RC24-17RB -10.2 -5.1 3559 114 3.00 1.43 8.6 3.5
RC24-16RB -10.2 -5.0 3559 110 3.05 1.44 0.8 2.6
V22-179 -15.7 -4.9 3576 101 2.93 1.42 4.1 7.3
RC24-13 -10.9 -3.7 3921 121 2.93 1.41 11.1 5.8
V26-100 -34.7 -1.6 4308 110 3.29 1.44 0.8 116.4
V12-79RB -11.8 -1.5 3823 111 3.19 1.43 2.9 68.5
V30-40RB -23.2 -0.2 3706 109 3.35 1.43 8.2 8.0
VM27-181RB -25.5 0.1 3601 109 3.54 1.44 1.7 13.4
VM25-50TW -42.8 0.2 3749 118 3.90 1.45 13.0 12.5
RC13-189RB -30.0 1.9 3233 122 3.93 1.45 2.6 19.9
G1504RB -31.3 2.3 2980 119 3.75 1.47 5.0 10.1
VM25-60RB -34.8 3.3 3749 104 3.92 1.44 16.2 21.1
KNR110-75GGC -43.4 4.3 3063 118 4.10 1.47 0.6 1.7
KNR110-71GGC -43.7 4.4 3164 123 4.23 1.48 0.8 1.3
V22-188 -20.9 4.7 2600 118 3.38 1.44 13.3 14.8
K110-58RB -43.0 4.8 4341 108 3.73 1.46 21.2 4.3
KNR110-91GGC -43.3 4.8 3810 117 3.97 1.49 1.0 1.3
V20-234 -33.0 5.3 3133 116 3.86 1.48 1.8 7.8
RC25-35RB -46.7 5.5 3616 120 3.99 1.49 2.3 4.3
VM22-26TW -41.3 8.7 3720 112 3.65 1.46 43.3 10.4
V16-203RB -39.9 9.4 4158 108 3.73 1.47 3.2 124.3
VM32-67RB -42.5 11.3 4082 106 3.27 1.42 1.9 11.5
V25-44TWT -45.2 11.5 4049 113 3.17 1.44 3.9 23.0
VM16-22RB -45.8 16.4 3948 107 3.97 1.43 50.3 13.2
G4420-1RB -46.5 16.5 2763 116 3.67 1.41 15.0 3.7
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Table A2: Core-top trace element to calcium ratios in G. ruber (w) from the meridional
Atlantic core tops, continued.
Core-top Lon. Lat. Water depth B/Ca Mg/Ca Sr/Ca Al/Ca Mn/Ca
°E °N m µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol
G4421-2RB -46.0 17.0 3176 117 3.80 1.43 0.4 7.5
V16-21RB -48.4 17.3 3975 104 3.84 1.43 13.4 98.9
V10-90 -47.1 23.0 4149 114 3.94 1.44 1.4 187.7
VM16-206RB -46.5 23.3 3733 119 4.24 1.43 17.1 41.5
V10-93RB -47.5 24.2 3574 111 4.18 1.47 10.0 42.5
VM20-244TWT -48.3 26.0 3953 112 3.98 1.44 1.4 7.6
VM25-17RB -46.3 26.6 3983 104 4.04 1.45 3.4 15.9
VM22-219TW -43.6 27.9 2582 99 3.97 1.45 1.8 3.0
VM19-308TW -41.4 29.0 3197 107 3.52 1.46 2.8 6.8
VM27-261TW -36.0 31.4 3253 94 3.03 1.43 11.7 11.4
V17-165RB -41.9 32.8 3924 109 2.81 1.42 2.6 11.2
V27-161 -14.0 33.6 4446 103 2.35 1.44 3.2 1.4
V27-263RB -40.9 35.0 3704 110 3.02 1.42 5.6 14.8
VM4-8RB -33.1 37.2 1697 101 2.77 1.44 1.7 3.2
V30-96RB -33.1 40.0 3188 104 2.61 1.43 4.3 58.9
VM30-97TW -32.9 41.0 3371 110 2.21 1.44 20.8 4.9
VM29-178RB -25.2 42.9 3448 98 2.10 1.36 12.3 9.1
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Table A3: Trace element to calcium ratios in G. sacculifer (w/o sac) from the meridional
Atlantic core tops.
Core-top Lon. Lat. Water depth B/Ca Mg/Ca Sr/Ca Al/Ca Mn/Ca
°E °N m µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol
VM24-235 -19.6 -33.3 3722 82.1 2.347 1.337 4.9 8.6
VM26-70 -17.9 -30.9 3933 85.2 2.855 1.360 8.2 23.5
V26-68 -15.8 -30.4 3660 81.0 2.804 1.322 24.7 19.9
RC8-27 -10.6 -26.2 3678 85.3 2.978 1.377 5.1 14.4
RC8-23 -12.77 -25.15 3338 86.6 2.972 1.365 4.3 14.8
RC8-19 -14.70 -24.30 3640 84.2 3.198 1.367 2.8 12.8
V16-37 -8.95 -21.33 3908 87.4 2.790 1.336 1.4 16.6
V16-36 -11.43 -19.37 3329 91.3 2.707 1.358 2.0 68.8
V16-35 -15.10 -17.65 3891 84.1 3.049 1.370 0.8 22.0
VM22-169 -5.7 -16.3 3499 82.2 2.710 1.364 13.9 9.3
RC16-77 -13.40 -12.70 3400 83.4 2.931 1.361 3.4 22.3
VM26-55 -15.6 -11.6 3457 78.9 2.627 1.329 3.6 11.2
VM22-174 -12.8 -10.1 2630 84.3 3.316 1.371 11.8 12.0
RC13-210 -10.60 -9.13 3658 88.1 3.168 1.371 7.1 15.8
V22-175 -14.28 -8.77 2950 83.8 3.343 1.382 5.4 15.5
RC24-21 -10.12 -8.18 3718 84.3 2.975 1.338 3.3 3.0
RC24-19 -10.00 -7.02 3581 83.9 3.068 1.367 1.7 5.1
RC11-17 -33.43 -5.28 4490 88.4 3.895 1.369 8.1
RC24-16 -10.18 -5.03 3559 80.0 2.957 1.337 2.5 1.8
RC24-15 -10.87 -4.10 3504 80.8 2.677 1.322 11.5 17.1
VM20-233 -39.0 -2.0 3294 82.7 3.641 1.365 6.7 34.5
RC24-08 -11.9 -1.3 3882 85.8 2.637 1.335 10.3 19.6
V30-40 -23.15 -0.20 3706 82.1 2.988 1.356 14.9 10.0
V30-40 -23.2 -0.2 3706 83.6 3.026 1.345 7.5 10.1
VM25-50 -42.77 0.20 3749 84.3 3.841 1.379 3.6 8.1
VM25-59 -33.5 1.4 3824 83.5 3.567 1.364 3.8 14.2
RC13-190 -25.43 1.78 3797 75.7 3.206 1.374 9.6 18.5
VM22-31 -32.5 1.9 3436 82.0 3.669 1.388 8.6 13.4
VM20-230 -35.9 2.0 3884 84.5 3.710 1.363 8.0 12.8
GEOB1503-2 -30.6 2.3 2298 85.8 3.591 1.382 9.6 7.1
KNR110-71 -43.7 4.4 3164 90.8 3.633 1.407 7.1 3.1
KNR110-50 -43.2 4.9 3995 79.5 3.821 1.382 5.6 4.4
GEOB4416 -45.1 5.7 3903 79.6 3.693 1.400 8.9 8.9
GEOB4413 -44.2 6.1 4291 74.1 3.398 1.351 13.1 6.0
VM22-26 -41.3 8.7 3720 84.6 3.199 1.377 9.2 11.5
VM16-203 -39.87 9.35 4158 79.5 3.350 1.380 7.1 92.8
VM32-67 -42.50 11.28 4082 80.8 3.134 1.352 2.8 12.3
V25-44 -45.15 11.50 4049 85.0 3.324 1.384 17.8 50.1
V22-202 -21.2 14.4 4310 82.9 2.354 1.326 18.5 32.2
GEOB4420 -46.5 16.5 2763 93.0 3.863 1.395 2.8 5.2
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Table A2: Core-top trace element to calcium ratios in G. ruber (w) from the meridional
Atlantic core tops, continued.
Core-top Lon. Lat. Water depth B/Ca Mg/Ca Sr/Ca Al/Ca Mn/Ca
°E °N m µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol
GEOB4421 -46.0 17.0 3176 94.4 3.670 1.350 1.3 5.3
GEOB4424 -44.0 18.2 4779 82.9 3.374 1.371 6.8 3.9
VM14-2 -49.4 20.7 4171 93.2 3.352 1.352 12.9 28.6
VM10-89 -43.8 23.0 3523 91.5 3.199 1.362 32.2 127.7
VM16-206 -46.48 23.33 3733 97.4 3.689 1.371 3.6 41.8
VM10-93 -47.47 24.20 3574 103.9 3.843 1.383 2.1 66.6
VM20-244 -48.3 26.0 3953 91.5 3.572 1.364 13.1 12.6
VM25-17 -46.3 26.6 3983 101.3 3.692 1.391 5.1 25.5
VM22-219 -43.6 27.9 2582 97.9 3.644 1.358 6.6 8.3
VM19-308 -41.4 29.0 3197 94.4 3.266 1.383 0.8 18.1
VM27-261 -36.0 31.4 3253 93.9 3.090 1.331 9.8 14.3
VM17-165 -41.90 32.75 3924 99.7 3.167 1.381 27.1 15.6
V27-161 -14.0 33.6 4446 93.8 2.338 1.374 110.4 1.3
V27-263 -40.9 35.0 3704 92.1 2.895 1.376 13.3 19.2
VM4-8 -33.1 37.2 1697 93.8 2.392 1.391 0.7 6.4
VM23-12 -45.3 38.3 5205 89.0 2.490 1.357 20.2 15.5
VM30-96 -33.13 39.95 3188 86.4 2.550 1.382 6.2 82.3
VM30-97 -32.93 41.00 3371 98.2 2.624 1.379 4.6 16.5
V29-177 -25.7 41.5 3391 84.3 2.647 1.368 3.7 18.8
VM29-178 -25.15 42.85 3448 81.7 2.172 1.357 3.3 12.7
169
Table A4: C. wuellerstorfi B/Ca in GC34.
Depth (mid) Age B/Ca
cm kyr µmol/mol
1 7.5 157
4 7.8 151
6 8.0 159
8 8.2 153
9 8.4 156
14 8.9 161
16 9.1 160
19 9.4 167
22 10.3 152
24 11.0 147
27 12.1 164
28 12.5 147
32 13.9 145
34 14.6 139
36 15.2 137
38 15.9 143
40 16.6 141
42 17.3 130
45 18.3 137
50 20.0 147
54 21.4 140
57 22.4 147
61 23.8 137
65 25.1 141
69 26.5 136
73 27.8 148
74 28.2 141
77 29.1 141
78 29.4 140
86 32.0 161
97.5 35.7 166
105.5 38.3 158
113.5 40.8 163
122 43.6 160
129.5 46.0 157
134.5 48.2 163
138.5 50.1 171
145.5 53.3 158
149.5 55.2 156
153.5 57.1 159
158.5 59.4 148
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Table A4: C. wuellerstorfi B/Ca in GC34, con-
tinued.
Depth (mid) Age B/Ca
cm kyr µmol/mol
162.5 61.3 154
166.5 62.6 145
170.5 64.0 152
174.5 65.4 142
181.5 67.8 156
189.5 70.5 154
197.5 73.3 151
202.5 75.0 150
207 76.6 156
212.5 78.5 157
221 81.6 163
230.5 84.9 158
234.5 86.3 150
241.5 89.4 150
251 93.5 148
256 95.7 148
266 100.1 152
271 102.3 162
276 104.4 154
281 106.5 157
286 108.5 157
291 110.4 145
296 112.4 151
301 114.3 155
305.5 116.1 162
309.5 117.7 157
313.5 119.3 153
318.5 121.3 146
325.5 124.1 153
333.5 127.4 150
345.5 132.0 157
349.5 133.3 158
357.5 135.9 160
362.5 137.6 156
370.5 140.2 156
377.25 142.4 159
382.5 144.1 151
390.5 146.7 166
397.5 149.0 158
406.5 152.0 156
421.5 156.9 161
430.5 159.9 157
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Table A4: C. wuellerstorfi B/Ca in GC34, con-
tinued.
Depth (mid) Age B/Ca
cm kyr µmol/mol
438.5 162.5 161
446.5 165.1 151
450.5 166.4 150
458.5 169.0 152
466.5 171.7 161
470.5 173.0 164
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Table A5: C. wuellerstorfi B/Ca in MD97-
2106.
Depth (mid) Age B/Ca
cm kyr µmol/mol
5 2.4 176
15 3.5 169
25 4.5 177
35 5.6 164
44 6.5 161
55 7.7 174
65 8.8 173
75 9.7 166
85 10.5 176
95 11.4 154
105 12.2 168
113 12.9 164
125 13.9 171
135 14.7 169
145 15.4 163
155 16.0 164
165 16.6 166
175 17.2 167
185 17.8 162
195 18.4 157
205 19.2 161
215 21.0 156
225 22.7 151
225 22.7 154
235 24.4 163
245 26.1 164
255 27.7 148
255 27.7 153
265 29.0 169
275 30.2 170
314 35.2 164
334 37.8 174
374 42.9 169
405 46.8 167
414 48.0 173
435 50.7 169
445 51.9 171
494 58.2 173
515 60.9 169
524 61.8 164
173
Table A5: C. wuellerstorfi B/Ca in MD97-
2106, continued.
Depth (mid) Age B/Ca
cm kyr µmol/mol
535 62.7 168
555 64.4 162
574 66.1 167
595 67.9 160
614 69.5 156
634 71.2 178
655 73.0 175
655 73.0 178
674 74.7 167
684 75.7 162
694 76.8 158
704 77.8 163
714 78.8 176
734 80.8 176
754 82.8 171
764 83.8 172
784 85.8 167
794 86.8 173
813 88.5 161
833 90.2 170
853 91.9 173
872 93.6 172
882 94.4 171
892 95.4 163
892 95.4 168
932 99.5 155
974 103.7 152
1034 111.6 160
1044 113.1 173
1075 117.6 172
1084 119.0 177
1153 130.2 176
1233 140.9 168
1243 142.3 171
1262 144.8 161
1273 146.2 169
1283 147.6 174
1293 148.9 174
1333 154.2 175
1343 155.5 167
1375 159.8 159
174
